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A SynrjHKsitint nti T’rrtHt.s in S(nl R(\s(‘arch'' was held iiiuler ttie atts- 

]hees oT tin* Naticuial Aead<nny ol'Seienees, India, cluriiyO he lwenly--re»urlli anntuil 
srvaun cm ihn At’inleinv held. ai (he I Inlversiiv nf S«uii(ar, Satn(ar, on 27lh & 2Bth. 
lhrnn\tn\ nihl. Frolessor N. R, Dhar, I).Se„ (Fond, and Paris), F.RJ.Ch, F.N.L, 
ICN.A.Se., I, ICS. (Ki'iircal), I )ir(a'l<n , Sluala Dhar Inslilnh’ olCSoil Seienee, UiTiver- 
!.ity <»!' A!tahal)ad. pr('*.id,rd ov a* all (he .S(‘Ssions ol' tln‘ Syin()osinnK T'h<a’t‘ was 
an unjurredeni^' 1 tanlne.iaKin iLi' (hr S\ anposinm and 105 |>a;eers were reetavaal from 
,dl |uii(.s of (he vvmhL 'Phe Svinposlnin was dlvith'd tn(o (In’: rnllowJnf* stations : 

L Soil Pliv ‘sles. 

P. Soil M i nrt'aln!»;v ami phy:a(X)**('h<ani( al projX'rlii'S o( soils, 

!». Soil ( llHanisl i\ . 
i . S< mI lAa ( H i ( \ . 
a. Soil M irrohinhveA • 

0, 'Praia' Ivlrnnmfs in Soils, 

7. Ai'iil, alkali and salitir soiln 
IL ‘1‘riijneal and. .stih^iropiral soils, 
fl. Soil eonsi'rvadon and inanag’ennati, 
lO. Land idasslpjeaiion aiul (‘vohuion. 

IhnL’p.o! N. R. Dliai' in his Ih esidiait lal Adilii’ss tPntaissed (hc! nilrogi’n pro- 
Idi'in and iiU|n « »\ {-nirni o| Ian<l (erOPiCy by oiyi'Si nie ma( ((‘r atiil ’pliosplraliss* Ihs 
disrns’a’ 1 in <irlad the r{''.c'ai ( Ih's <'ai'rird. <miI by him ami his eo’-workcu'S lor ovi'r 
Mb y(’arf.. Piolr'/An l )liai ’s address was jnllow<*d by (h(‘ prisstartation of (In* 
dire payaas o( ({h»s(^ aiiihot:. whu ( 'Mil 1 uoi be pr<'.st*n( wta'r rtsad,. Fa.idi y)an<a’ was 
follfjwial by bvfdy diseti sion. S<»nir ol (ho.si* who (ook pai*( In (In' dis('nssions ai<' 
Prol. S. Cdr'eln Dr, S. R, Mnkiapny Dis S. K, (ihosh, Dr. S. P, 'Mitra, Dr. S. (L 
Xn* 4 a, lb. P». pHsty Dr. R. L. Ndtr^rd, Dr. S, Ihaiam Sinf'h, Mr, Dari Shatikaiy 
XL . P)haf am Pial.asis, Xli. XI. XI, Kai, XL*. 'P. B. Doha Roy, Mi\ 'P, N. < Ihojer, 
Mr. XL S. l .ab Xli, N , R. ( Puen XL', Rai'hnhij' Simdn .Mr. D, Sharnia, Mr. K. M. 



Verma, Dr. S. K. Pal, Dr. A. K. Dcy, Dr. (i. H. Dungau, Mr. A. i\. c;!irk?4t, 
Mr. A. K. Bhattacharya, Mr. Newton Rain, Dr. M, K. Miikrrjc' ', Dr. S. |\ S, I'mlia, 
Prof. N. V. Joshi, Mr. S. S. Singh, Dr. S. N. Banerjce, Dr. A. K. a, 

Mr. O. N. Tripathi and Mr. F. N. Ava.sthi. 

At the end Professor Dliar sununariy:rd all lh<‘ paptas |uc\*4'iHrd< Hr al^* 
thanked all those who particij)atc‘d in lh,c synipositrm aiul niad(' it mu !i a Urtnati 
deous success. 

It was originally decided to j)rinl all llu* papers r(‘c*<avr(l Itu t hr S\aupoMinn 
in a single volume. Ifut due !<) the unusually larg(' number ot' papers l ei mvrd if 
is not possible to print all the pap<‘rs in a. single v<dumeas it will <*ovrr almuf OdU 
pages. The papers arc being printed in b parts ot‘ \vhi(‘h this v<4trme fuims fhr 
first part. The Academy, however, takes no responsibility for the o|miiuiis ex- 
pressed by the authors. 

The Academy conveys its thanks to Prolcssor .Dluir lor organi/.tiig the Hyiupti* 
sium, to the authors of the papers and to all those win.) ttxrk |)an in the ciisems** 
sions and made the Symposium a complete success. 
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l^RESI DKNTl AL ADDRESS 

■ I I ■TIU I ..). .1. 1 I ■ ■' 

rim NrrRc'XJKN i^roblem and imprc)VEmr.nt ov i^and 

liV C)R<;AN1(1 MA1"rKR AND PHC )SlBrA1'KS 
Hv N. R. DtlAK 

Sheifa Dhar htsiUutt* t\f Soil Scunce^ Ifnhmity of AUnhabatL 

IneflScieiiicy of mdwstrial methods of nitrogen fi:K:ation.— It is 
well known that the arc method of hxinji^ atmospheric nitrogen has been completely 
abandoned as its cffuncncy never exc<*edcd 2%. Mlic Haber-Bosch and the Gyana- 
mide methods of lixing atmospheric nitrogen are almost ecjually efficient, and, 
their <dht'ien(des are not liigher titan B to 10%. Hcnee, thtynitrogen fixing in* 
dnsfry is making very slow progress and the cost of production of synthetic nitrogen 
artd tlie market i>rice of nitrogenotts fertili*/ers have remaitied higln The 
European prtKliulion al fixed nitrogen in 1950 w«as only 3;^ greater than its 
marmrmutife in 193B wliieli, anunmted to 3"54 million tons of fixed nitrogen. C)tt 
the otlier hatul, the produetion of superphosphate durirtg the miu'ie eventful 
12 years was 15;'', greater tluin the output in 1938. (Gompare Fertilizer Teelmo- 
logy and Resoun’es Irt M. S. A. by Jaeol) 1953), 

Organic matter aided by calcium phosphates fixes atmos- 
pheric nitrogen in soil.- -Ikaatuse large amounts <>f stiperph<»spluite, liasie 
slag, finely divided soft j")hos])hate roeks are being tuiliztHl in Fmropean ai'ttl 
American agrieulttrre, and, beeause, the recovery (O' stieh phospluttes l>y crops 
does not usually exceed 20% of the atlded ])hosphate, a large amount of htboraimry 
researeh work and field trirds tire going on all over the worltl on phosphate fixa- 
tion in soils. W<* have dis('oveted an important r(datIonshi{> laUween tin* phos*j)hate 
aiul nitrogen stains r>f world soils. 1 he (dlieieney of nitrogen li^atirm in Uglu l>y 
a mixture of organi<' mat t(‘r ami ealeitmi phospliates ('un be as higli as tliat l)y 
legtumvs and hitduu* than tlie industrial meihotls In my Ihesiclential ad<lresH to 
the Natiimal A<‘ademy of Sciences, India, (Business Matter, 1952, p. 15) it has been 
emphasised that the tiiirogcti stat'us of world soils depends mo^dy on Uidr calcium 
l')hosphatc t'ontcirts as soils riedt Iti pltosphatt^ can also be rich jn nitrogen when 
organic sulistances a.re added to smdi soils or are present il'iereim From exten- 
sive experiments we have come to the comdusiorv that the fixation of attnosyiherit: 
nitrogen by the addition of organic matter to soil is greatly enhanced l)y tlie 
presence ofealeinm jihosphates. (Dhar^ and eo-workrms. Prt'x*. National Acad. 
Sei. (India), %/, (1952) 137). 

Calcium Phosphate rich soils fiac uitrogc^a by the oxidation of soil 

humus and have smaller C/N ratios than 10, Moreover, we fiave 

ol)serv<Hl that ^oils riili in (’ah'ium phosphat<% when allowed to muh'rg;o slow^ 
oxidation in eoutaet with air, can fix attnospherie nitrogen l>y the oxidation of 
earlionai'Tous materials jirescmt in the soil humus. Also, when, i'.aleium |>hosphate 
is added ts? soils not rich in <sih'iurn phos]diate, the fixattoti o(^^ atm<')Hplivrie 
nitrogeti takes filaen even \u the abseuct^ of atlded organic matitav IIem*e, it taan 
lie concluded thu,t soils rich in calcium phosphate or soils to wliieli cahdium 
phate is added wo'i,ild be richer in nitrogen and wonld sliow smaller values of G/N 
ratio than soils poor in calcium phosphate* It is clear, tliereforc, that calcium 
|)hosphate rich soils would show C/N ratio smaller than 10. 



Decomposing organic 


Fecompo«x«s J«atter increases p h>s| I at, ‘ ^ * 

ability .--lu previous publicatious i(, has l.c-n .•luphasisnl ( 1 )h.u 1 lm ^ " 
Arad Sci India ''/ ( 1952 ), IfKi ; Aiui. Ruv. Ap;.!.', ( loll. Surdon. l.H l.at 
caldum phosphate in eouiaet with waler h eoj.ioUNlv hvd>nlv. .l n,iu h.-e ph,w 
pheric acid and a basic; phosph:U<; as ui (he e<|iiatini. : 

4 Ca,., I (i ir.,0 5 (la., (I’O,)., C.i (' Hlv. I 2 n,,l’< 


This -hydrolysis is cheeked by (lie p>'eseuce of cab iu.n < .u b..u..(r .u i„ur, 
Hence, the amount of ])hosphate existiu?.;' in soluli.ni 1 lom ba-.u da..; lia-. tn-ru 
found to be less than that froiu (la., (I’O.il-., Iieeaiii.e b.e.u ship is l u h lu iitiir. 
has also teen observed that carbonie acid coiiv,., ts i lie ni- phn‘.p!.a(e , ah ,mu 
to dicalcium phosphate and small amouiKs nt iiuuiueah unu plio.-phaie .n.d, iliu>. 
the availability of phosphates of ealeimu and niaipiesiitm. when adiied to (be mhI 
along with organic matter undergoing oxidation, appreciably mcrca..c., When 
raonocakium phosphate is added to the soil containing (Uganic m.utrr ihc,r^ ly .» 
decrease in the available phosphate lic'cause of (he eonversic.n of the it.uIjIv -.obdile 
monocalcium compound to the sparitij^ly sohiiile ip alriuin « hv 

its action on cakiiun carhouati' oF tltf* soil. nuuuuini! hv MnyuiM inallrr, 

which helps in the fixalion of atinosphc rii* niiiof’cn and im ieabr% .nailaldr pnLibli 
and phosphate is highly pralhahle, espet ially, in view ni the high m*-.! and bhni f .igr 
of nitrogenous fertilizers. In all our (n\prriui(an.s a?; urll thnbr t auird mm liv 
other workers the solnlillltles oI (laj} (Ih)jk,,, Mg;,, { IM (..iIlIM fandv iMtudrird 
rock phosphate and liasie slag are apixaaahly in(arMf.rd hv ihe pirMnnr nl i mliMitn 
acid. 


Organic manuring not very jirolitable in aciilie 
ferric, aluminium and titanium phofspliaten. ' t^n the lahn hanih *nii 

results and those of B. Lae.houit'/, (Mnnatsh. /'M lddtM, ha/)i lratlv 'dn*iiv fhni 
carbonic acid does not iticrtnise the solubility of kitie plnnphatr, 

It appears, therefore, that organic tttanttring is lu^l ?atitablr in ,t|nihi lirh bt 
ferric, aluminium or titiiTilum [)li<»s[)haltn These tanupmunls have in be jniriniUy 
converted into calcium and ntagneshim pjhosvdtaies by the mUtnn oftirnrigiiiienf 
dolomite or free lime Indore or, ;;anic manuring tarn he I'tmiitalite, Ivypra immis 
show that the recovery of superplmsplnite itiereases from I!? to 41*7 nn liming «d‘ 
acid soils. Hence, in s{)lls where large (fuantities of iron, uluminimn ttr bianmm 
phosphate arc formed by adding superphos|>hate, as itt aeidir soils of iMunpr m 
America, organic rnaruiring tnay be of little value ami tlml in win* |ien|ilr of 
Western Europe, where the soils arc addie and to whit h laige (|imn(itirb nf '.npri 
phosphate are added, have, not yet a{>iU(U'iate<I org;anie nninmim' sum h In 
tropical countries, however, where {hv. soils art* on tin- ,dkaiinr Mdr and fhc' 
phospbatcijt present therein tire ehielly eaieitun mnl nmmu'iiion phubpimirb, 
organic manuring with dung, straw, I<‘av(‘s, gtasstog legtimr;;, jieaf, lignitf* mni 
even ’saw 40 st,i mixed with large (los<\s of eahdnm pho.'^phale or !ia* 4 e Nine, is 
extremely • profitable, because, the mixtunms eomlmdvc to maitHCfmm c nl %nil 
neutrality and increase of humus, the loss of whit'h bom soils eansrs intrrfdifv, 
alkalinity, -increase of soil erosion and forn\atit)n of desert eomliiiom: of Imnl, 


Calcium-mono, di and triplxos^pliates readily iutcrcliaugrabir 
in properties.— A Rindcll (Untersu, Losliekeit Kalk plunph try 1 lehuoig. tom tlio t | 
has determined the solubilities of Call IMbfdt !./ ) atidCaflMb ,0 

different temperatures/ HLs results show that (!a;i (14 )./) in imn rolnble ih.ui 
CaHPO^* 2 H 2 O at 30*^ but more soluble than (!alll4),j, d’lu* amount o{ phuv. 
phate in solution from is 1 *8:) miilimols, from Ca|I|4)y’ ) [i 

2*91 millimols and from GaHPO,i it is I *22 rnillimols of l pn litre. 1 hr 



iunounts of 1 IjjlH >4 aval la hh* in snlniion (>(‘ (lj(‘s<' plK)^j)hai('s (*liani>‘('. In a grc'alnr (ax((*nl 
lhan fhnsc' n{* Hnu' w ith inranasc* n(' t<'nip<‘ra(ur(% bill, (h(M‘haiii>rs arc ha])hazar(l. If 
|1 h» ,%nlnlHlity nl' ( la;, in \val(‘r is c‘st iiuatcal l)y tin* analy^lr of aninnnls 

nflinic |ir<‘s<ait in I hcMlissnlvcd <<ni<iil inn, iln* snlnlnlilv nl'Cla-, a|)|)<%ar.s In 

Ih“ l/l!<Mlu nf dial nf’( iai I l.,n and less than l/lOth. (d* that ])r('.srn(, in the'; 

sedti 1 inn (d ( lal I IH ) t lu' t nlnbilil irs nl’ llttu' I an nr'; d*d 7 , 1*7 and d ’7 in 1 Hi ninls ]H‘r litre 
respectively. d hat is why (snlitn’ invtsst ie^atoi.s have naanthal that tin*: snlnldlity 
nTdieahatrin phosphate is () tlHH whilst that of tric ahauin phosphate is (h()()l!i 

gr»nn at d'’ pta* Iddyrains water, Ihii fiaan <t lary<* ainnintt (d‘ (‘Kpertnuai Is vve liavt^ 
enme, to the; eentelnslnn tliat ttiealeiuin phnsphat(‘ is hydrolysed to a grcsiter extent 
titan ( !al 11^)4 nr ( lal I PC )p2 I !*,( ) w hit lp wluni lr<‘at(‘d w ith water, dissolves ninstly as 
sneh. M'h(! triealeimn salt in pteseina^ (d‘ water (nnns HUall amounts of phosphoric 
acid and rnonoraleinnt |)lios|)hate, and that is v\hy tlu‘ pi f of an aepteons solution 
of triealeinni ]ihos])tiate is slightly aeidie. It is wtdl known that monocalciinn 
phosplt dt! is aeidie and in tanuarntrated solutions breaks uj) as follows 

Ca, (llnPO.,). (lairPO^-f II^PO^. 

Diealeinm phosidiate ntuh'rgoes the following eltange in eontaet with water 

d(iarrp(>4 :Oih^ (pc>4)-i Cki(iLP()4V 

Ileiuay., tlie three (aaleinm i>hos].that<\s appear to ite intttrehangeahle in, llieir 
properti<'?H. 

Indian rock plios^pliateg nnj^nitable for BnperphoBphate mann - 
factnre. di Is a pity (liat bmu's which are valuabh^ soniaars ofealeiunt phosphati^ 
aia* still laregdy ('xportial from India. 'Plu* natural Indian phosphate! thytosits 
fonttd in d'ravantaae atul Hdiar are not erxtemsive! and being rieit in iron and 
alutnininm compounds are' not as suitnldt! for sti]>erphos|>hate! mamdaednre' as the 
African or American dejtosits which (anttain stnall amounts (d'irmi and alumtniunt* 
Indian basiic ?>lag tin good as American nlag and profitable for 
crop production in conjunction witb organic matteEr.-«( )n. tin* oth<*r 
liand, India jrossevssiss huytp* amotuits (d* laisie* slag, prothuaal from the! t‘Kp:mding 
stead industry anel theae' ?;l;ig.s leonain mmiiliseah i-’rom a large* immbc*r <d' ana* 
lyseas it has l)e!f'n lomid (hat (he* d’ata hash* slag; e*emtains 7 H eil' P,d whie'h 
ee)m|>ar(’s favouralHy w'ith (he plmsjihate' e*tmte*nt ed’ haste* shtgs in the American 
markets, ddn* data Isude slags ami <nhe*r phospliates when viseel with organie*. 
matter md oidy Hx atmersplnwie' nitrog;e‘n anti su}>ply available* plrospbafe* ami 
increase the eregr proeluetiem and improve* tin* f(*r(ility ol’ normal sedls but aUu> 
reclaim the /cevir an 1 alkali soils pe*nnane*ntly. d he* eah*inm {)hos(dm((*s md: only 
sup]>Iy t he plnispltate re‘([iu reme‘nts <d' human lieings, animals, plants and nderoor«« 
ganisrns hut also help the* eixieiatiern proe(*sses and maintaiit the ne*utrality ed' 
living; (*(*lls and tissues., 

Fhospbates check loss of lime and maintain soil neutrality.-- 
VVe* lui\'e‘ discovered that the* aelelidon e)f phosphate‘S te> soils eh(*eks the! loss e>f 
lime* marke'dly bv h'ae hing with rain water and thus avoids the* (ormalieju eddieielie' 
sods, d’his ha'j)p(*ns be‘(‘au::(' in all soils ( kd 1 P( >4*2, H.d ) is (ormed (Verm triealcinm 
phosphate more tamddv than eaie inm fiicarhemate by tin* action <d' earbonit! acid 
em the ealeium carbonate* (d* soils, d'ln* elnaileium phospliate* is mue‘b l(‘ss soluble* 
tlmn ealeium biemrbonate. 

1 1 has I)e(*n e>bsf*rvf*d that orelitiarily the soil sedtilioii Is poor in pher tphate 
due: to the spai iut' sedidulity ed* ttmstleiniu, ferrie:, aluniinitim and pe*rhaps titan- 
niurn |)hoHpha(es wlue;h are neirnially present in soils. Hem^e, a re*m*wal of tlte* 
amenmts of pirospliate* in sod solution is ahsoln(e*ly ma’essai'v for e*rop prenlmaion. 
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This is possible by improving (he ralciiun |)hos|>hat(' stasis of flir snil'. «ill nvri 
the world by adding large doses of powdered soft p!Mrs|>hafe hh k oi baM« 

which are still inexpensive. It is well known (hat eah'itun pho%{diafr m Irifar 
slag added to leys eavises a greater growth of legtimes and rntn lir\fhr land : 
but, there is no doubt that even grass<\s without legumes lead to < omaf In able sod 
improvement by fixing atnu^spherie nitrogen and fueservijjg M*d lufieaum lalh 
in presence of phos])hates. Ihmee, adding thing or growing gra‘.s lead * u* laud 
improvement. ((Compare W. Davies, 'I’hethMss drop, IdM\ pp'f, 'fvug 


Phosphates helpful in composting of phiiU; materials liy filing 
atmospheric nitrogen, — VVe ha,V(^ tairritnl on a large number r»f r\pri uunu’. <ui 
the composting of cow*dung, wheat-straw and weeds by athliiig tadv Mtudl amouufs 
of soil in presence or absence of pow’dered Imsie slag tu rot k pljusjdmir m a 
mixture of superphosphate and rock phosphate. We have observni a garafrr 
fixation of atmospheric nitrogen in presence of phtvs))hates in ctmipmaiiig uf t tiw- 
dung or wheat-straw than in their abseiu'e. Hence a mixture t>f superjihof,|diafr and 
phosphate rock or powdered bone or phosphate rock or basic slag shmdd ahvavs 
be added to compost heaps to im|)rove the valtte of t!ie eom|)tv;ts oluainrd. 


Reclamation of alkali land by m miiicturc of orgmiic iiiitlirr mid 
calcium phosphates, —Recently we have di.scuverrt! that a mivftur «d uiriai 
(sann hemp) and |)lK)S])liate r(>(:k or basic .slag can prunanrutlv m htuu vrtv bad 
alkali land. I'his is a very profitabh* and cheap method t»f irt iaimmg alt alkali 
lands and depends on the following jirima'ple : ' 

rhe carbonic acid ])roduced in the oxidation ol\m/ia/ i'sann tirmp'i i an traddy 
convert calciimi-tri-])lH)s])]nU<' to the <ll«phosphate wliiifii can sltuvlv supplv rah tmn 
ions to the soil solution in small tunonntn, and, thn^g ralctnm caibmiatr ui 
formedby the action (if the alktdi pirscnt in alkali tmib and the i ah min mn^ 
obtained from^ ClaH PO,j21h5( ). VVe have al.so observed from our irmu 
ments that a nuxlnn^ of organu' matter and ealt nun i at hnnafe ri tc'Ci tnoiiialde 
in reclaiming alkali a mixture of organic^ matter and calcinm ptimadnur 
because, CaHIO^^HaO is formtul more readily by tlie iu'titni id”' carlMnur, acid ml 
tn-calcium phosphate ^than the formation of ealidum Inimrbimiiie dim |n tire 
action ^of carlionic acid on calcium earhonalcn d lie disrotdatiem coirsiaiu id' 
carbonic acid is larger than the 3rd, dissoeiatiou constant of i»hunidmrh aciil 
M /rirol whrthc f<mnatiou_of CbrrK),2ir^^ b .norr c:uy ,1a,. ,hr Ummnnn ni 
0 a(HG 03 ) 2 . llencc., in ledamung alkali soils calcinin phosphaU; is nmeh lirttcr 

than calcium carbonate alouR with organic inatlcr. Moreover, in the nitnhi ition 
of the proteins present in Icgurnes (like .mini and Dlumr/ui) nittnu.; .,nd niti i. ’udd-. 
are formed which arc profuable in the ree.la, nation of alkali land, 11,-,,, / , , 
researches have thrown considerable li,;hl on the view p,du, tha, the u.nld'c,.,,, 

fncreTseT ‘ Ph««pl'ale reserves of soils whiid, .should be . opi.Mvh 


Nitrogen fixation in soils by addinir orL-^anie • . 

surface and photochemical proce^^ -h, our exbi i mo 
fixation by the addition of organic matUr we have always' observed ' tli"! tl" 
bers of total bacteria and Azotobacter arc alwa V i r - • i he 1 b i '‘'C'"*?' 
presence of light, although, the increase' ol iot-d n e - , , I J"'] 

nitrogen fixed, is always greater in light than in (he <1 nk Fs a'lv 

have been obtained in the fixation of nitn "e bv^, 

phosphates. Frequently, we have observed duit the si/e oVth'e "'•* I*"' "* 

barter developed on the dishes containing the soils kept i ' ,hr ' d “T 

bigger than those obtained from the dishw eynoved to lilt '“f . 

that sunlight enfeebles the microorganism k„. 


UAVU 



IltiHHdl (Soil CoOilitiooH aud Plant, (Growth, 19d2, p. !^0/) has sl,a.{cal that the 
approxinuitc weight of bartertal s\ihHtanre in Rotlnunsted soil (tota,l nitrogen is 
0‘25ti,n;) in t<4) 6 inches <'oincs to hhOO Ihs/acrc, and the vvc'iglit of dry l)a,('tcn'ia. to 
1120 lj)s/acri% The total nltrogett content oi' haeleria. 1 12 llis/acaaa dlnna the 
nitrogen m the laieteria in l/50th. of the U)tal weight ofiln' hat'ierial |)(p)tila,tinn. 

The avera^ge si/,e of ba<’teria, h aj)proxitnatrly tluU nf a etd)r nf 1/lOtH) *nnn 
size* llcitee, ItKH) >< lOMnuaeria, will weigh TO gttu 

The folU)\ving results were obtaitted with e.nw-dntig 

gm. tifstrii 1 1!0 gnn of amhdung 
KKPOSl’J) Tt) SUNLUdir 


Date 

Total carl)on in 100 
gms, of sod in gm. 

Total nitrogen in 
lOO gins, of soil in 
gm. 

Azolol)acter Idlicicncy, hr., 
count in mil- a mot mi t>f 
lion {ter gm. nitnjgen hxeil 
ofdrysoiL dt mg. per gr. 

of earhoti 
oxidized. 

3-1 47 

01)42 

O'OOtj? 

2-5 

2-2-47 

0'82(! 

0'0(!i)2 

211) 

5-3-47 

()-722 

()-07l4 

Ki-O 21-7 

3-4-47 

()'(i3() 

(>•0734 

211! 

3-5.47 

0-(i2-l 

()1)73() 

39“0 


aOVKRKD 


5-1-47 

04)00 

0'0G7i; 

2*5 

* . . 

4-2-47 

()'9()(! 

()'()(;n3 


1 1-7 

7-3-47 

04151 

(^•0(>9II 

00 

12-4 

5-4-47 

O-BOO 

01)(i96 

... 

11-7 

5-5-47 

0«7r>2 

0-0701 

115 

10 '4 


It tip]>ears from tine ul,)ove tables that we have ol)tuined an inerease offO!) -2‘5) 
XlO** in the Azotobacter mnnlatrs in one gram of soil in sunlight witii eovwdmig and 
soiL Therefore) it corresponds to 1300x224() X4r)4x3t>-r) x Azotohaeter per 
acrC) supposing oiir soil to weigh 1300 tons per acre when 0 inches deep. 


Hence, the weight of Azotobacter 

iucrea,S(‘ in II )s. /a, ere at Allahabads 


1300x224()x454x3C)*r)XlO'^ 
' ^r)4x lOT' HO^ 

13 X22‘1x3()*5 
103 


: 10020 lb.s,peraere 


^ 10()‘20 lbs. i)(U' aert‘ o, i n n > 

And St) the nitrogen content ol the samer: *-•« to Ihs./per aertt 


On tilt' basis nf the a!)ov<^ eaUailat ions, tlu^ following tal)les have* been drawti 
U|) from our (wperiinent.s on nitrogen hxation using eow-tlung, utaun h‘af or glut'ost' 
1) for comparing the pholocjicnucal and surlacc coutributitm of nitrogen fixation 


with the bacterial one using cow-clung untl nvvin IimI 

energy materials without adding pliosphaJcNs ; 

Kxpcrinu'uts with row-dnug 


I ncrease in I In* 


' X fell, I A .M« liiwrl fa ^ 




Cain in N 
in Ih.s./ani'c. 

munhi'r of A/.«tio 

l»,n frnal 

No. 

Condition 

hael(U pet 
i»in. of soil 

1 nbtii a ot 1 

X 'in ihs. 




(in milliom;). 


(a) 

Exposed to 

2a.^)'37 

at) :» 

:^'I5 

light. 




[b] 

5 "> 

21)0-!I2 

;h;*a 


e) 

5 3 

133d),') 

:ii-5 


(a) 

Covered. 

90'27 

i:i2*5 


(b) 

53 

72 -ao 

ihxn 

teaa 

{c) 

3 3 

5a-2‘i' 

105-5 

■ 1 



I'Xpm'inumt.s with nenn 

Ir.il, 


iiMf n» Ivr'ftui at 
■hmI MU' larr 
li If iii 


No. Condition. 


(iain in N 
in ll)H./a('re, 


I nei'('a,M* in f hr 
miiuhrr of ,A/nlo» 
badet^ pin* 
r;un oj'snd 
(in millions). 


fan 'f rn.i! t ro 
i l ll'Uht.it Inf* 
N in II a* I « 


lirtuif'af 

4ii«l MU'lai r 

It n*ii 
in fits, a* I r, 


[a) 

Exposed to 
light. 

30adi7 

1505 


■!( 

(b) 

53 

21B'40 

57-5 

i a,! 1 

■-'ll. .'lit 

(0 

33 

107'7-l' 

a.a-ii 

Mi! 

jlll, 'gu 

0) 

Covered. 


11 

(■•'If! 

fpc |0 

(b) 

55 

a7-3(i 

lu.'i-r. 

t.'O 

it'I’lp 

(c) 

33 

7Hd)2 

in.'i-ri 

i.d ( 



1 he innucnce ol adding varying atimnntN of ptnuiplunrs on ihr li,^:nioii of 

nitrogen by bacun-ial ami pholoelu-mu-al pror.-,.;.;r-:, u.-iu)* (ilm.r.o J» .,V 
material (0-5;;, (J) ha.s hccii nieordcd in llu* ndlnwiny t.ddr ; ' 

Kllect of ivhospfiulcs ( 1 i‘( ip r.'llJ i) 

fm-iTiiw' in thr p , , l'h..in, lin,,,- 

munl.(n'.d-A/,u. . ,j 

Treatment. Condition. '.g^. toh.mtrr t.rr <nlM|tn.u n, . 


Increase in the 
nnmlter of A/u- 
toliacler i>er 


liar tri lai » rii 
ti ihut ion to 
tttfai X in 


Ph> »i Mt inan I " 
< a! and 
Mtrlaer hs.a-^ 


No phos- 
phate. 


Covered 


0 T;f,P..O, j )gP'>scd 

« ” < Cover (Hi 

0-05n>=o. Igj™;] 



nun Ol sou 
(in nuUiom;). 

lb:. 

./a,ei r. 

tnai in 
ll>s./a.rie. 

291*20 

10-B5 




Kid- Hi 

:i4-dd 


l-‘ii!i) 

! >B'dl! 

‘fid '-Hi 

3:)r)-2 

12';'. 


0-72 

2ia-4 

d'0*o 


2a5u 

! r . 1 It* 

2l,'» 't'l 

42! -2 

lH-7 


1 iai 

121 -1 1 

21B-4 

52 ‘75 


"aO/ 

.Bd'l-dd 

21 0 


I - I 3 

it i ,* 

h'OIMo 

2/5* 

27()-(id 

0()'25 


h’fttt 


lbrrf»;rHni4‘ i'.iliuihitionH ckiirly .sIkhv that in the process ol‘ nitrogen fixa- 
tion tluMnerease in Utr nitrogen content: of the system due to increase in Azoto- 
hacter nnmhersj which an* fixers of* nitrogen) can account for an insignificant part 
of the imaease in the total nitrogen oliserved in our experiments both in light and 
in the dairk, 

ittcreasa mmiiioacid nyitthesis by a mixture of a 
iiitriitf" ?$oli:itioii and a carbohydrate ia light, --In I93‘l' l)lna.r a,nd Mnkerji 
( I Indian Cllumn Hota II {Ih!i4), 727) discoverial that amiuoaeid synthesis takes 
place by exposing asohitionofa nitrate and glneose or any other soluble energy 
material mixed with liiania nsed as a pliotocatalyst and exposed to snnliglit or 
artificial light. Aininoacids can be detected evam after tin exposure of the mixture 
for one hour Iiy the well known ninhydrin test. Reecml}g we Iiave carried on a 
large mmiber'of cx])<*rim‘cnts on the syntliesis of amitioacids by this metliod in 
completely sterile conditions tiiul have oliseived that the aminoacids synthesised 
imnxnna* appr<*ria,l)ly in ])r(\s(mc(' of solnbh* ])hosplnUes. 'The aminoacids synthesis- 
ed arc‘ being investigated by rircuhu' ptipcr chromatography, 

Siunmary 

( H ’rin* indnstria.1 metliods of fixing atmospheric nitrogen arc inelfitvicaitj 
and, hcma\ (he cost of nitrogenons fmO ili/an's ishiglnu* tha,n otiun* finiilizers. 

(1:!) A mixlurt' ul'organii' snbslaneixs liki* dung, grasses, sfraw, gt'een manures, 
etc., with talclmn pimspiiat(*s can fix almosplun'ie nitrogmi in the* soil wh<*n 
plouginal in, 'The ellu*i<mey of this nun hod of fixing atmospherit'. nitrogen, Sfieici- 
ally in light, is higlnn’ than tlu' <hlici(mry in indusiritil methods tmd can be as 
Ing!i as with h^gunuss, 

(3} ‘rhe (1/N ratios of soils tie.h in calcium phosplialtvs are usually snuillcr 
than H). 

(4) ‘The availabilitv of |)hosphatcs always increas(‘S by tlie addition of 
tn g;anic sub:;(an<^(cs whit h n n<l<n !,»;o oxidat ion in the* soil. 4’his is S})C(!ially notice- 
able in st>ils conttiining; linn*. 

(h) Manuring; <4* lit'lds by organic substances is not profitable in acidic 
.soils ctmlainlng, (rri it\ aluminium and titanium phospliates, 

pg) Mujnn tli and tri-c.dclinn [4ios|)hat(*s an* readily d(*compos(*d liy water 
and ,%erm lie intrrt hanga’able In tht'ir prop(*rti<'s. 

(7) (Uicmh al analyses <d' Indian basic, slag;s show that they may contain 
7 -If . IV h, and an* almost as gttod as American slags. 

(H) VVlien soluble or sparingly solulih* phosphates arc added to soil, the loss 
of lime liy leaching is markedly ehecked and soils maintain mmtrality. 

(!1) (lalcium pliosphaO* is h<*li)ful in com[)osling of i)lant rnaterials rind can 
fix aimosphciit* nitrogtm in composts. 

(10) Alkali soils can la* rct'luiimal more readily l>y a mixture of (adcinm 
pho:g4iatc and ortpnuc matttn* than a mixture of e.alciuin carlionate and organic 
mat {t*r. 

()l ) I'b-ijitn hmnit.d i (’suits show (hat lie* ima’cast*: of* A7.olobac:i<*r in the. 
svstrms iamfaining <»rg;anic matter and soil with or without plms{>ha.tes can explain 
<»nlv a V(*iy small amount ol' (In* total ni(rog;en im'r<*as(’ in such systems liy fi.xa- 
tion of atmospheric nttrogen, Ilcmag ^alr^a<'c and ])hotochemical fixations of 
nitrogen {dav a \ {*ry important part in such sysn*mH. 

( 11 !) A mixture <4' nit rate ;ind caibohyJraU's aJdt*tl by lita.nia, wlum ex])(KSed 
to light, fotans atuinoaeids issMbly, Tiu* amount of aminoacid.s synthesised in 
t his way iin i (* cu*s consid(*ral4y in [n*cs(*mH: (4* soluble {)hosphal(*.s. 



SECTION 1 
SOIL PHYSICS 

BLACK S<:)n-S-PH VS ICAI. PkOl'Kin'Il'.S AS HI l.AI Ln I" 
IRRIGAHILrrV oi' BI.ACK SOILS OI-' NARMAhA 
VAU-i'A'lN MADIIVA I'RADl'.SH 


/(K R. V. 'I'AMIIANK 

Soil Survey Officer, Indian Agiicnllitial Hesennh Inslisntc. ,hcn Ihun 

iV 

/ivT. I.. DKKIII’ANI 'K 

Deparhncnl of Soil (ihrmistrw Atninilittrtt^ CoHriJ/. 

(( l>y I’k*!. N. K. ^ 

{ISurhotJon I tth ^oromhrf\ ^ 

Soils of Narmaxlii, '\'all<‘V to (hr pha-.r n{ hlatk loiI , oi in'or. 

of India. Soils of SO (o *lo'frrl (lr(‘p ;ur (pntr anmnun in fhr |ila!ir- m| \ 4 iiisa»la 
and these soils an; known to In; v<'ry frrtihn 

Hie Narmada Valley is sitmUiMl InMwrrn X'indhva ami tlir Saipma fuil. an I 
has a width of almost 20 mil’s Imt (he spnaid <»f (lie plain*. i% mmr on fin a* nflna ti 
bank of the rivia , whil; (In* nofth hank of ( he rivet' !s x eiv rlo*e n» tlir IuIIa of 
Vindhya ran^n;. 'fin; VaJley extends over lenypli «4' ahmra ttuo imIrMip n* 
Handia. 

The soil ])ro files examined and s(*l(;<vlrd lor tin* laboratory tef4 weir loan iwo 
districts of Madhya Pradesh nanu'ly, Hoshauftalnnl anti Jublmlpere ol ihr N,i{inada 
Valley tract and one proiik; fiom (In; southei'n ^m^t pat i <d Mhopal Si.ne on ihr 
northern bank of (lie riv(*r Narmada,. O’lie distrlets (alls ini<» two paiiA* ihr tiillv 
part and the valley part, 'fhe va]l(;y portion is almost imdm < (aumnonA wheat 
crop in rich black sod, wlnsreas tin; di.siriel of jublmlpoo* heiny, a( (hr hi ad oi thr 
valley is almost closed on all suh's by hif’h land taxu pi ih^' vali( \ ll '*.i I hr 
eastern and central parts of (he plains of tin* riv(*r Nai mada in 1 hr4ianv,.ihad di .* 
trict are covered by the alluvinm eonsistine; of thick cla\ . A conMdra.ihir |a*i{inn 
of the south-western corner of (In; district of ,[uI)1ml|M)ir is aho i;e< itpki| In i ta* 
eastern end of the great alluvial ]d,a.ins of lh(* river Narmada, 'fhe liui kncA-. of the 
alluvium deposits as exposed along (he banks of the river usually dfirs not rHirrd 
100 feet depth. 

Present study is a prellnruiary inv<‘s(iga(ion to tmdciMand tin* inhrt« tu {dmi 
cal properties of these S(?ils to judg';* ( Ih* hc'hax ioiir of .sin li irndv i | ro uiu.d 
irrigation and tlierefon; deals moix* on (he physiiail piayan tic?; td odl. i.nhci piati 
chemical ones. Clicmical and minerologira! aspects will h* dralt Ar|}afafrty in 
. an other commimi c at i ( )n . 

The pliysical prop(*rlics of soils which d<*l(‘i mim* (la* snitahility o« iiuealiou 
agriculture include (extun; and s(ru<*tur<; ol' various .muI hoii/Aae. and * pc^ lally 
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Ilnur r(‘lali<>ii lo walc'r-holdin,!*’ an<l \va,(<‘r r<‘l<‘a,sitiir ('itpricily, parnKaihilily atul 
a<!a.pla)>ilily lo firalna,t]fc and iIh^ pn'Mtnua! or alkuiac of sail. Many physical 
characU'risllcs (am 1)c (uailtialcd (iiirly well by hclh oI)S<'rvaJions hut for chUail 
aiul n'Iia,bl(M si irnal ion ol' soils, (l(‘ld observation should b(*. supphuiHUihul witlii 
hiboralory lissls on r(‘pr<ss{'nla.l iv(* soil sa,nrpl(‘s. 

A nuinb'cr o(‘ pro(ih‘s \v<‘r(‘ ('Ka.tnlncd, In (Ik* Narnuida plains sla-rlluf*' iVom 
)ubbul])oi'c and .yoiniprli'fhl up lo Ilarda. in Klmndwa Dislrh*!, but only lotir lavpro 
S(*n(alivc •prolil<*s \v<n'c s(’l(*clc'd lor hiboralory l(‘s(s. 

d'hn soil prohlcsy in g*<nu*rab <h> nch slnnv any distim*,! horizon cxcc])l when 
a brownish yellow layer is niel with in (he lower horizons. In all tlu* soils examined 
the brownish horizon whenexan* m<*l was very de(*|), luxirly 9 to H) feet below the 
surface, lliis indicat(*s that (he soils are of deeipin' phase and in no ('ase parent 
inal(‘rial could be r(‘ach(Kl and llr* exaininaliou of pr<>(ile was restricted up to 
B lo 10 f<*('l. d'h(‘re was a.lso nodisllucl zone of carl)onai<* or d<a,nkar' found l>ut 
linn* uodul(*s i,(\, snnill kanka.r wt'ia* found disiribnn*d throughout (he deptlx. 

pRoi'U.i-; No. I . 

I.oeaJily. Vi1hitt(‘ Patau (nt'aj* rc*sl house*). 

District . J id)bulpore, 

DleSCUllM’tO'N : 

0-B'' lila.(‘k, (*la,yey, cloody, (airly (baa luird, (bin roots prcs(*n(, linn^ 

coiu'retions of small siza*, no black <v)ncr(*(lous. 

Dark grey colour because* of linn* ('<)U('r<*lions, (da.yt*y, edoddy, 
fairly liiablt*, v<*ry lew roots pr(*s<*ut, no blank <*f)iu‘rclious. 

Mon^ gr<ryish <‘olour, (*la.y<‘y, stnu’tur<* not (h*vclopcd, tairly diy, 
hard, \a‘ry lew iMots a,<‘cumulail.ms oC linn* c(>ut*r(*tions. 

Brownish with hhu'k mixed, loarny, slru('lur<* tending to singli* 
|«;rain, lVia,hl<*, (anmbh'S ('asily l)(*(\v<'(‘n (in|';crs, very thin roots, 
very lew linn* <'MU('(*rt ions of hig;sizc. 

('pyggy'' O’Ih' <’olnnr sann* as above* with lightt*r ((‘Xiurc, V(*ry few roots, 

B7'hliif' Brownish colour, silty louju, singD grain strin’tmag IViahltg no 

i‘<H»ts, a.hs<*n<'(* o(‘ hhick and whitt* (‘oncrt*t ions, (airly moist. 

Puoini.r; No, 2. 

Locality. Village (lhargaon, bf) miles for (flngial S. lb, b mih*s from Buri 
village, 7 miles from Rim. 

Dlstriet. Bhoi)al Staten 
Di'ScunrrioN : 

( hTyish hhiek, ela,y(^y, h<'a.vy (‘racks, big clods hr(*aking into 
a.n«>;nla,r sha])e wit h (l<*(inl((* huniuations, dry, V(‘ry thin roigs 
])r(*s(‘nt, white* a,s uadi a.s hla.<d< c‘/>ncr<*tions ;pr(*s('nt , but hla.ck 
lew, 

Nlnisi (hirkcr limn adiove, (day<'vn smadl (dods asignhir l''“2'b (hirly 
IVialdt*, brca,kin|»; into small t It. els, shining naturaJ (d(*avagcs, 
vvhitt* :t.nd bhudi ctnicrt*! ions. 

:i9''-7fV' Mixlurt* of brownish pa(ch<*s, (daytnn (h’linllt* l;nriim(t*d stnngnrc 
])Ia(cs I "**2" tliit'k, fairly IViabhg whilt* coiu'cn tions, vtu'y lew 
bla<‘k t'oncr(*tlons, moist. 


f II i 



75 ''- 96 '' 


96 ''-! ir' 

Profile No. 3. 
Locality. 

District. 
Description : 




61 "- 72 '' 


72 ''- 98 ^' 

PROFILE No. 4 , 
Locality, 

District. 
Description : 
0 'L 8 " 


8 'L 32 '' 


57 'L 83 " 


83 "- 121 " 


profile No. 5. 
Locality. 
District. 


Definite brown t'olonr, mor(‘ brown ,it lw\ri di-jnli. t!,i\rn "Jiur 
tiirc not well ( 1 ('V(‘ 1 o|H *(1 bnl (r'lnbouw tow .lul''* l.nHut.K lOMr'.fo 
hnt friabbn JK) rools, whlw eMiiercii'Ois oi bi^oF'o 

Definite lirow'ii (‘oloiir, nrnsl, lonin\. •.{niehiit- tr-fi «!»w rF 

iVia()l<‘, no l)la.('k or ivliiu* enut reh tn ., 

Goveranunt ]vx;|H'rim(nla.l Ibirin, INovorkhr'il.o 

HosIningabaxL 


Dark grey, cbiyey, (‘fo(l<K\ f'airl\ diwo hard. bi oslinr! nil i h itl-. 
very fme; thin roofs pr<\sni( , lime t"o^ere||'M^|^ jutm-hi, mu.iI! -i.'e 
black concretions aL:o present. 

Dark grey, clayey,moiKf , Iia,rd, bn*a,kitie" infM aim.iilai » i ri-. Idm k 

and white conercOions jn'eseni. 

Colour darki'r limn aJ^ove, idavi’v, moi^l Imf ma ‘4'nk>. ^ nnnblnu'' 
hcaween fiiigaa's nud-r vnTssuro. vrrv (vw i mO.. bbiri/M.mnoif m ■ 

presenf, bul k’ss ih m the abi»vc. 


.Lighter eokmr, <‘!a,vev. tendeimv <d btfodony an,,. 
.luUnral ekoivar^’es, .siirkm n-i ruiti'., \‘e!\ i -w \riiii«- 
bnf more of blaek eunerfOi* luid'.f, 


pbitf"'. till 
» 'On 1 r f a >11'. 


Still lighf(amadoi{reha,iigine; itm» b.d,i I.l.ui, t Mia.imr 

no(^ (levcdoped, vei'v faiekv, very ftwv u ItOr aMiu. i fia jr' |ih' '. mf 
niojst, v<*ry sinaJl liy;hl blaek inotllimy Miial! janltde'. 


Vilhigt^ K;u‘td(rie;aiiJ imair railum 'aatmn 
(biWsidtMd' ilnm'aibva\‘ line, 

I foshanga))ad. 


man fir Id , 


wneytsn 0 acR, elayey, cloddy Mrnefmaa, ehuls bmikiirg into amor 
r cubes with .natnraJ^ eleavages. Imrd. thin ixi! 
black *ind wluh' (amt'refiomi bamd lu, lariy* dry 

CWoursuu.rus ah-.vr, hi,,. d..<lN, (ru.l.n. s 

Mrue nn-. hmyin.; Iu(„ s„uUrr du.d, fu.bl’ ula 

lM<ibl(,, »() Kxils, luiijfitudiiial ci'ai'k.i. nidi . 1 . 

Blackish gccy. clayt-y, .slruclurr m.l <h-vrl.,i,r<l . l..n!v i 
senci' ()1 white and hlack i om i nion . in hm,,. 

SBmipiKyicu' n.kmr than ahnve, duvfv, luitlrv clndr,! 

hlii'hy;:;'; 

Same colour as iilH.vc lay, -r, <'lavs , tcul.mrv „■ ulaiv ■tn„ 

with ruuural dcavaids, moi:,,. n„| Mi-^kv. , ul 

omrr Itiablr, hlari' md 




Kheri Farm, Jul)lmlj)on>, 
Jubbulporc. 



Description : 

0 "- 12 " 

12"-24" 

24 "-^ 36 " 

36 '-48'' 
48"-60" 
60"- 72" 
72"-84" 

84"-96" 


Hardy, clayey, fairly moist. 

Tendency to platy structure, and tendency to break Tnto^angular 
clods. 

Clayey texture, more moist, no definite cleavage.:. 

Clayey texture, sticky, moist. 

Clayey texture, sticky, moist. 

Clayey texture, sticky, moist. 

Clayey texture, sticky but tendency to break into clods, perhaps 
due to lime concretions, friable, moist. 

Clayey texture, moist. 


Physical Characteristics of Soils . 

Texture. — The mechanical composition of these soils show i^Table 1) that 
these soils are clayey in texture. The clay fraction of first 3 feet in all these soils 
vary between 45 and 55% and when expresse<.l in the triangle (Fig. ]) of Prescott, 
Taylor and Marshall (7) it shows that these soils mostly belong to heavy clay and 
medium clay class. In thef lirown horizon, which occurs at lower depth, the clay 
content is sliglvtly less than the above horizon. The distribution of clay^(/raction 
is uniform throughout the depth and thus there is no illuviation or el aviation' at 
any depth, llie sand varies from 16*9 to 21 '1% except in profile No. 1 where it 
varies from 19*7 to 43 T% and the distribution is not uniform. 
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/'Tcil'ilp- 9 '\ is also very liiifh ruul is a. ehiu <u t <"1 isl i( s 
The volume expansion similar rdulion lH-lw<-<-n (In. 

of black soils of India. Goiitts ( ) "riuMviturc of cfiy iniiKn'aJ, is also dirtailv 

'‘fieTTi “ twf '>'1“; '''\ !^nr» show 

mmicationi that the clay mineral. pre.a.l o h< o^ ^ ^ ^ | 

trials'^ M?o^”“heTaW'nSs”L soik' Higher Ih, "liner owes is Ihn 

Specific gravity and vice versa. . . . 

The carbonate content varies between I’O and ^ 1 % in (he u,)i>er hon/.on, am .s 
generally increased with the depth. The soil, therclorc, has oiioukHi ol luue n.s<,u,.. 

Pore space DiSTRiBUtiON.— The soil aeration, sjtcc.iaUy for irrigaU-.d soil 
is closely related to the texture and structure oi the soil as thn inovtmuail 
of water within the soil is mostly through larger voids. 1 hus the mm-eap.Uiuy 
porosity is more important in characterising the structural piop. i ties, _ .uni the 
permeability of a soil. An ideal soil slxould have tlu^ pon'-iqiave with (ajiial 
distribution between the larger pores and the smaller pores /.r., lielwaam imu- 
capillary pores and capillary pores.* Such a soil will liave good muitlioig 

o’Aixr T? 1 


Mechanical c,:oMi>osm(rN oi- ’riri'; soils. 


Depth in inches. Coarse Fine sand Silt % Clay % Carbo- 'Idtar;/ Nbuslun^ 
sand% % na«^s % % 


Profile 1 . 
(Patan) 


0"-8" 

0T9 

23'60 

24-50 

49-30 

0-78 

m :\7 

7-26 

8"-25" 

0-83 

19-70 

24-00 

50-10 

1 -.59 


6-34 

25"-38" 

0-47 

20-40 

23-90 

47-40 

(;-17 

9a’34‘ 

7-83 

38"-67" 

2-00 

31-70 

23-10 

39-90 

3-36 

<)9’2(i 

H-37 

67"-87" 

0T2 

38-70 

20-30 

36 40 

4-10 

99-92 

6-98 

87"- 11 2" 

0-37 

43-10 

26-40 

30-10 

1-98 

101-93 

fi-04 


Profile 2. 


(Chargaon) 


0''-15" 

2-40 

18-90 

27-90 

47 80 

2-69 

99-69 

(.-•17 

15"-39" 

. 2-20 

18-20 

29-90 

48-10 

f -44 

lOM-frl 

tr71 

39"-75" 

1-80 

20-40 

2tv40 

45-40 

3-04 

99-04 

6*17 

75"-96 

1 00 

19-70 

26-90 

39-40 

9-98 

96-98 

4-79 

96"- 111" 

0*55 

20-40 

30-60 

37-50 

10-34 

99-39 

5 83 


*Since the non capillary pros!ty is the sum of the volumes of the larger porc^', w}u< h ill r oi 
hold water tightly by capi llarity and are normally filled with air and are responsible for tlie air (rapa- 
city and ready percolation of water through soil, its determ inatioa and propo. tioo to llu: total prosit y 
is very essential, specially so in permeability studies. Capillary porosity on die other hand is the 
sum of the volumes of the small pores that hold water by capillaiiiy and they are nrsponsihlc' for tlir 
water capacity of soils. However, direct determination of iion-c;apillary [.lorosiiy is not possible- 
Advantage is taken here of the total porosity and the nioisiure licld nt m e. ^A hit'll generally is 
near the field capacity is converted from weight basis to the volume basis and thus the volume 
occupied by water is deducted from the total volume held by air alone (f e., total pu* osity) whieli 
will give the volume of air left unoccupied by water. This volume of air left unoct'upicd gives 
the volume that will be occupied by non-capillary moisture. 
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TABLE 1. {Continued) 


Profile 3. 


Powarkheda) 


0"-8" 

8-80 

20-50 

23-20 

44-60 

1-69 

98-79 

5-53 

8"-26" 

9 90 

19-80 

21-10 

45-60 

3-72 

100-12 

6-19 

26"-61' 

9-90 

19-50 

23-90 

42-80 

3-91 

100-10 

6-27 

61 "-72" 

6-50 

18-70 

19-50 

46-80 

6-54 

98-04 

5-89 

72"-98" 
Profile 4. 

4-60 

17-50 

21-50 

47-00 

4-28 

94-98 

5-77 

(Karelhinganj) 

0"-8" 

0-98 

21-10 

24-60 

46-80 

5-38 

98-86 

7-13 

8"-32" 

2-70 

19-00 

23-30 

47-30 

6-69 

98 99 

7-02 

.32"-57" 

0-76 

19-30 

26-30 

43-10 

6-70 

96-16 

7-30 

57"-83" 

3-50 

18-80 

23-80 

46-60 

5-69 

98-39 

7-50 

83"- 121" 

6-20 

17-70 

25-10 

47-10 

4-39 

99-49 

7-07 

Profile 5. 








(Kheri) 

0"-12" 

0-26 

16-90 

21-30 

55-50 

1-07 

94-73 

6-95 

l2"-96" 

1-10 

19-10 

25-50 

52-20 

0-02 

98-12 

6-34 


TABLE 2. 


Keen-Raojcowski Determinations. 


Depth in inches 

Moisture 

holding 

Real Specific 

App aren t 
S-pecific 

Volume 

Y 

capacity % 

Gravity % 

Gravity % 

Expansion % 

Profile 1. 

(Patan) 

54-81 

2-86 

1-55 

29-93 

8"-25" 

54-f)() 

2-72 

1-57 

29-74 

25"- 38" 

54-18 

2-70 

1--I9 

26-74 

38"-67" 

50-29 

2-90 

1-47 

24-35 

67"-87" 

48-13 

2-84 

1-45 

22-18 

87"- 112" 

42-39 

2-80 

1-51 

19-13 

Profile 2. 
(Ghargaon) 
0"-15" 

50-66 

2 80 

1-59 

30-49 

15"-39" 

52-62 

2-69 

1-51 

29-21 

39"-75" 

53-35 

2-61 

1-47 

28-80 

75"-96" 

47-54 

2-56 

1-47 

21-63 

96"- 111" 

50-63 

2-61 

1-43 

20-18 

Prof'ii.k 3. 
(Powarkheda) 

0"-8" 

45-13 

2-54 

1-51 

22-37 

8"-26" 

44-72 

2-54 

1-54 

21-67 

26"-6I" 

43-71 

2-70 

1-65 

25-13 

61 "-72" 

43-71 

2-70 

1-65 

25-13 

72"-98" 

44-91 

2-65 

1-63 

27-85 




TABLE 2. {Continued) 


PR0FrLE“4. 

(Karelhiganj) 


0"-8" 

53*84 

2*39 

1-18 


8"-32" 

54*46 

2*27 

l-lf) 

:17'87 

32"-57" 

55*46 

2*58 

1 •■14 


57"-83" 

58*73 

2*61 

1-41 


83"- 121" 
Profile 5. 

54*11 

2*54 

1 51 

dli'Dl 

(Kheri) 

0"-12" 

54*46 

2*69 

1-52 

;;i-i7 

12"-96" 

53*70 

2*67 

1-54 



free drainage and good water holding capaci(}'. 'Folal porosity in aJI tlnrsc' 
soils varies between 52 and 58^ (J’jrble 3) but tlursi* soils, ]iovv(’V(‘r, do not show an 
ideal condition in which the distribution betwcani non-('a;|)iIla,ry ])rosity a,nd ('apillary 
porosity should be equal The percentage of non-(‘a.j)illa.ry ;i)orosi(y over tire iota! 
porosity in these soils varies from 22 to 48 / in tlnwsui (’a,(‘(‘ soil. ( lonsitlerlni'; t ho 
heavy nature of these soils containing about 45/, (lay in th(‘ surfacu' soli, it ('an 
said that the percentage distribution ornon"ca})i!la,ry and ('a])ilhu’y]> »r(*s is I'aJrly f';ood. 
specially in profile 3 and 5 where the values of non-ca;pllhu y j)orosi(y ov(‘r total p(»ro- 
sityare42T and 48'5% respectively. Tlnnaaison is tluit t h('S(‘ j)rohlos vv(*ro taJu'ti (roni 
cultivated fields of Powarkhed a Farm (J:’f()sha.nga.bad) a,nd Khori Idirin (JnhhnI- 
pore) whereas profiles 1, 2 and 4 wove from virgin land. I Io\V('V('r, t h-' total 
porosity in all these profiles, whether from cullivalcal or virgin la,nd, is )>ra(*tically 
the same, but in cultivated soil non-capillary })orosity is hlgiuvr t hat vit'giti soil but 
shows practically the same percentage of non-capillary porosity in the lower 
horizons, which is not cultivated. 

The importance of non-capillary porosity in draiua,g(‘ problcnu a;nd Htnu’.tnral 
properties is obvious. The ability of soils to drain naturally a,s wdl a.s tiudr iua*d 
for artificial drainage are correlated with, non-capillary 'porosity or with its air 
capacity. Kopecky^ claims that soils that do not; have air-cay)a.ci(y of 10 / or 
greater, are in need of artificial drainage. Tlicsc soils, howcv<‘r, Iia.v(‘ inucli higlun’ 
values than 10% and do not indicate the nec'vssity oj' a,rlilicial draiiiagp in inuir 
future, provided the structure is not destroyed. 

Moisture relationship. -Water holding caj)acity of lhns(‘ soils is v<n’y high 
(Table 2) and varies between 43*5 and 58-7%. The hygrof co])ic (’otdiiciont 'is 
associated with colloidal content of soil and also indicates moisture avallal)le at 
tension nearly 31*6 atmosphere percentage which for all practical purp()S(^s is 
unavailable to plant. The content of hygroscopic moisture is, how’cv(n', fairly high 
in these soils. Moisture equivalent, according to Veihmeyer a,n(l I Icrculickson 
is a good measure of field capacity in laboratory test and has hc<!n wich'ly iis(*d 
as a measurement for characterising the moisture retention ot' soils. Moisture: 
equivalent of these soils varies from 27*0 to 3G*3% and is eluiraetc'ristie of lumvv 
soils. 

& 

The permanent wilting percentage has been defined by Vt;ihiney<-r and 
Hendrickson as the lower limit of available soil moisture and can be 
obtained by field or laboratory method. The permanent wilting ))erccn(;ye. 
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table 3, 

Total porositt and non-capillary porosity. 


Depth in inches. 

Total porosity % by 
volume 

Non-capillary porosity 
% by volume 

%non-capillary poro- 
sity over total porosity 

Profile 1. 




0"-8" 

58-82 

12 91 

21-96 

8"-25" 

56-16 

10-56 

18-81 

'25" -38" 

57-99 

18-16 

31-30 

38"-67" 

52-19 


... 

67"-87" 

50-27 

. . . 

. . . 

87"- 112" 

48-87 

... 

... 

Profile 2. 

0"-15" 

58-34 

16-89 

28-94 

15"-39" 

56-93 

20-22 

35-53 

39"-75" 

57-36 

21-41 

37-33 

75"-96" 

52-74 

19-18 

36-38 

96"-lll" 

54-58 

23-99 

43-95 

Profile 3- 

0""-8" 

52-47 

22-11 

42*14 

8"-26" 

51*66 

18-57 

35-95 

26"-61" 

51-40 

18-17 

35-54 

61 "-72" 

51-69 

19-93 

38-56 

72"-98" 

52.66 

20-13 

38-22 

Profile 4. 

0''-8" 

54-76 

17-87 

32-64 

8"-32" 

55-68 

17-58 

31-58 

32"-57" 

56-07 

21-14 

37-71 

57"-83" 

58-41 

25-02 

42-84 

83"-121" 

53-31 

23-12 

43-36 

Proi^ile 5. 

0"-12" 

58 06 

28-19 

48-56 

12"-96" 

55-05 

29-99 

54-04 


or willing coefficient was determined in laboratory by growing wheat seeds 
in small pots and after sufficient growth, the plants were allowed to wilt and 
percentage of moisture at which they permanently wilted were determined. 
The soils 1 , 2 and 4 have nearly the same value (Table 4) which varies between 
16-1 and Ur8% whereas soil No. 3 has only 13*0%. The determination of wilting 
percentage together with that field capacity gives the total amount of water that 
can 1>e lield in available form by a soil. Fig. 2 shows the range of available 
moisture of these soils. The soil from Powarkheda contains 16’7% available 
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aolsture. Ckargaon soil shows 23'5%, Itareliganj 25'2% and Patan soil 3()'r)% 
available moisture. 





PPit/unLUepo 

ffiopiLE 



CMfiPPAOPl 

PROFILE 




-fxtt (■('» 


/i/MH/Ku-i />faA‘;ro«^' 


J4y^,otn>^ Caeff**** wh 

f c. r 




It has been found that wilting point value is fairly delmile lower limit <it' 
available water to the plant and in many cases is taken as the moisture at 13 
atmosphere percentage. Similarly, Richard and Weaver” have shown Ih-it 1 /'I 
atmosphere percentage corresponds approximately to the moisture cduivalent "while 
Hygro^opk coefficient at 3-3% H^SO, corresponds to nearly 3 1 -(i atmosplenr peirem- 
age. The figures obtained m this study at dillerent soil nmislure eduilihrimn 
points, help to establish a certain relation among tlu; 1.3 atmospheri; i)errrn( n>-e I /'t 
atmosphere .percentage, 31-6 atmosphere percentage and the saturat ion perrentam- 
of these soils. It shows that the saturation percentage is approximately i-n 'ii„ms 

the 1/3 atmosphere percentage i.e., field capacity and 3 times the 1.3 atmosohere 
percentage..^ wilting point and mearly the same t imp*; as that of hvgroSl! , - 
moisture ^Table 4). It is, therefore, indicative that not only the moisture r'etaiir 
mg capacity of these soils is high but the moisture releasing capaei y ' <• u . K, 
high, which can be judged from the difference hetwemi the m is(m-e 1, ■ 
wilting point and the moisture held, at hygroscopic nioishin- T r'u' ‘ 
between these two- limits is only 1-0%. • u.u . 1 Ii dilh-renee 

Structural propertt. — S oil structure is generallv reo-'icd/'U ..u i • 
important factor in irrigation agriculture. Since the struct , 'n- k 11 ^ 

bi. forth. "cohesion of .ho 
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related propei’ties such as porosity, permeability, the state of aggregation and dis- 
persion of the soil are largely dependant upon the stability of the soil structure. 

Porosity has already been dealt with earlier and permeability will be 
discussed after the state of aggregation. Out of many methods _ of expressing the 
structural capacity of a soil, a much bettwc and quick index is provided by the 
analysis of water stal^lc aggregates of the soil. Such an analysis measures the relative 
distribution of the various size of aggregates and permit a calculation ol the 
percentage aggregates of the finer mechanical separates into large cornpound 
particles, indicating thereby the capacity of primary particles namely sand, silt and 
clay to be aggregated under natural condition. The distribution of .size particles 
and the capacity of silt and clay to form aggregates are essential to furnish a 
complete picture of the structural capacity of the soil. Similarly the _ analysis of 
water-stable aggregates provides the information of the non-dispersibility of soil 
under irrigation. 

TABLE 4. 

Comparison of moisture retention values for soils and their ratios. 


Depth in inches. 

Hygroscopic Wilting 

coefficient at coefficient 

3*3% H2SO4 

or or 

31-6 atmos- 15 atmosphere 

phere pcrcen- peixentage. 
tage. _ 

Moisture 

ecpiivalent 

or 

1/3 atmos- 
phere percen- 
tage. 

Maximum 
water holding 
capacity 
or 

Saturation 

percentage. 

Profile L 






0"— 8" 

15-48 

16*37 


35*55 

54*81 

8"— 25" 

14-33 



36*30 ' 

54*60 

Ratios 

1-05 


2-1 


- 


3-5 3-3 



1*7 

- 

Profile 2. 






0"— 15" 

15-09 

16*14 


30*30 

50*66 

15"— 39^' 

15-52 



31*55 

52*62 

Ratios 

1-05 


1-9 




3-3 -3-1 



1*6 — 


Profile 3. 






0"— 8" 

11-37 

13*00 


28*45 

45*13 

8"— 26" 

12-28 



27*35 

44*72 

Ratios 

1-2 


2-2 

— 

- 


4-06 3-4 



1*6 — 


Profile 4. 






0"-8" 

14-09 

16*88 


31*70 

53*84 

8 " -32" 

14-93 



32*90 

54*46 

Ratios 

1-2 


1-8 

— 



3-8 3-1 



1*7 — 


PROFIlJi 5. 






0 "— 12" 

15-Gl 



35*10 

54*46 

Ratios 

3-1 

— 


1*6 ' 
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The aggregate analyfis was carried according to Rnsscdl and T’lUnhaiu^.^* 
where the standard sieves with opening of 1 ’5 mrn., 1 d) nini., 0*5 nrin., 0*2 nnvn, 
and 0*1 mm., were used with simple despersion according (o Pm TIu' lawcni 
limit of particles was taken as 0*02 mm. 

TABLE 5. 


Aggregate .ANALYSTS of Titr: soii,s. 


Size of 

Profile 1 

Profile 2 

Profile 2 

Prolilo 3 

Profilt* 3 

I’lulile 4 

particles 

8''-25" 

0"-15" 

]5"-39" 

(,"-8" 



mm. 

A.A.* U.D.* 

A.A. U.D. 

A.A. U.D. 

A.A. U.D. 

A.A. U.D. 

A.A. U.D. 

1-5 

6-37 ... 

2-11 ... 

1-60 ... 

2-11 

4-80 ... 

1-44 ... 

1-5-1-0 

9-46 ... 

2*11 ... 

2*13 ... 

2-11 ... 

4-8f 

2-4i> ... 

TO-0-5 

33-22 ... 

14-77 ... 

18-67 ... 

16-25 ... 

23-67 ... 

18-62 

0-5-0-2 

17-91 ... 

32 07 ... 

28-65 ... 

29-12 ... 

30-47 

37-12 ... 

O-2-0T 

5-79 ..." 

24-26 ... 

11-47 ... 

31-96 ... 

12-25 ... 

8-02 ... 

OT-0-02 

25-86 ... 

24-45 ... 

37-21 ... 

18-01 

23-20 ... 

31-43 ... 

2-0-0-2 

... 0-83 

... 2-40 

2-20 

8-80 

9-;)() 

2-'/0 

0-2-0-02 

... 19-70 

... 18 90 

... 18-20 

... 2()-.5() 

... I9-8<) 

l')-()0 

0 02-0-002 0-39 24-90 

0-24 27 90 

0-28 29-90 

0-38 23-20 

0-20 21-10 

0-31 23'30 

0-002 0-07 50-10 

0-07 47-80 

0-06 48-10 

0-06 44-(;() 

0-08 4.5-60 

0-()6 47-30 


* A.A.—Aggregate Analysis. U.D.— Ultimate Di.s| crslt)m 

Tiulinis has suggested that only aggregates ()-25 mm. ;ut rcMioiisihic for 
favourable structural relationship. Baver and Rhodes “ (ook (he limil ofllu-.slz - 
of aggregates from size frequency distribution curves of the soil, dotcimiiicd with 
and without dispersion. The diameter of the part h ies c<»ires)Mi)ulim>- (o the nolm 
of intersection i.e. 0-05 mm. on the curve was taken as the lower lunit 'of ilip* ' 
of aggregates which were responsible for the structural relationship of the soif 
However, there is no fixed limit, so far advanced to be considered as the 1,2 2 
limit of the crumb. ' ‘"wesi 

TABLE 6. 


The structure capacity or extent of agoregation or' the soils 




Mechanical 

State of 

J^fgTce of 
'^,W'<'galion 



separates 

Aggrcgat ion j 



larger than 

Aggregates 

iVleehanieal s( j)a,raies 

«)iall(!r iliaii 
(>•02 m. m. 



0*02 m.m. 

larger than 



per cent. 

0*02 rn. rn. 

Profile 

Depth inches 


per cent. 

aggregated into 
units larger than 




0 ('2 in. m. ner cent. 


Profile 1 

8"- 15" 

22-12 

72-68 

03*32 

Profile 2 

0"-15" 

15"-39" 

23-99 

25-84 

73-01 

70-16 

IK) *04 
92*12 

Profile 3 

0"-8" 

30-99 

64-61 


8"-26" 

33-42 

63-78 

()2 

95-78 

Profile 4 

(M 

CO 

I 

28-39 

67-31 

94-00 
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In the present stucT /, the limit of 0*02 mm. was used as the lower limit of 
aggregation on tlie l^asis that the particles below the limit of 0'02 mm. as obtained 
in simple water dispersion are only about 4’0% in these black soils. Middleton^ 
has employed the limit 0*05 mm. for his dupersion ratio. It can thus be seen 
from the distribution of aggregation (Tal.)]e 5) that nearly 85*0 to 95*0% aggrega- 
tion in thcj c soils to ' a clepth of about 2 to 3 feet have their aggregates between 
I'Omni. and 0‘02 mm. It further shows that mechanical separates below the 
limit of 0’()2 mm. are aggregated into units larger than 0*2 n’m. to the extent of 
96*04%. A very interesting point rcgaiding these black soils, is that the particles 
0*02 mm. size arc only about 4% in the aggregate analysis whereas in the mechani- 
cal analysis the percentage of these particles varies between 67*0 and 78*0%. This 
shows that nearly all the silt and clay is completely aggregated in these soils. The 
degree of aggregation (Table 6) as calculated according to Baver and Rhodes^ 
show that it is between 93*32 and 96*04% indicating thereby a good capacity of 
maintaining the soil tilth under irrigation. The dispersion ratio of these soils which 
gives the proportion silt + clay likely to slake away is very low (Table 7). This 
finding suggests that the stability of the structure in these soils is very good and 
is not likely to get easily dispersed under irrigation. 

TABLE 7. 


Percentage of silt and clay as obtained in simple watisr dispersion and 
ALSO IN mechanical ANALYSIS. 


Depth in inches 

% Glav plus Silt 

% Clay plus Silt 

Dispersion 

M. A. 

water dispersion 

ratio. 

Profile 1. 

0"-8" 

73*80 

4*70 

G-3 

8"-25" 

74*10 

5*20 

7-0 

25"-38" 

68*30 

5*20 

7-7 

Profile 2. 

0"-15" 

75-70 

3-00 

4-0 

15"-39" 

78-00 

3-40 

4-3 

39"-75" 

71-80 

4-20 

5-9 

Profiles. 

0"-8" 

67*80 

4*40 

6-6 

8"-26" 

67*70 

2*80 

4*8 

26"-61" 

66*70 

3*90 

5*9 

Profile 4. 

()"-8" 

66*40 

3*80 

5*7 

8"-32" 

70*60 

4*30 

6*1 

32"-57" 

69*40 

4*10 

5*9 


PERMliABILUrY 

Information on the rate at which water enters and moves through the soil 
is useful not only in connection with the changes likely to be lirought aliout during 
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percolation of water through the column of soil l)ii( it also provides lli<‘ inroriualion 
about the striicturable stability of the soil. 

In the absence of filed study of permeability I)e<’;uis(‘ of th * (‘xpens(‘ aiul 
restrictions encountered with field work, an apvn’oxinuUi^ (‘Sluua((‘ f)r (he eompat'a.- 
tive rate of percolation of these soils are studi^xl in tbo I'lboralory as su.a;a;<'sl(Ml. bv 
Slater and Byer^°- Permeability as measured in (be la.bora(oi'y is redatf'd to 
many factors ; su -^h as dispersion ratio, structural staJiilitv and base stattis of soils. 
In view of this tinding the rate of percolation of tlnrsit soils nnd(‘r ('onstant labora- 
tory conditions was studied and compared with other ])liysi<*al proper! i(\s. 

Permcameter used in the present study consists of six <‘ylindc‘rs of uniform 
cross-section and a constant head of water was maintained. 'Phe rat(! ol' peri^ola-iion 

was measured at fixed intervals, using formula P^^S!g. From the valutas it is evi- 
dent that in the first 12 hours the permeability decreases gradually and aft-rrwards 
it becomes more or less constant. (Table 8). 

Tabi.e 8 . 

Rate of Pi^RoOLATtON in CENriMl'4TEU,S UN I) '<11 Ai (I ONS'l'ANr iU', AO ( U' 

9 c. M. oi-' WA'ri'iu. 



Profile 1 

Profile 2 

Profdc 3 

Prufib* '!■ 

Time 

(Patan) 

0"-25" 

(Cliargaon) 

()"-89" 

(I’ownrkhcdu) 

(K'li-cllug’an j) 

1st Hour 

■'~'""'R8 

7-IB 

8*25 


2nd 

1-23 

(;-74 

7-97 

5--H) 

3rd 

M5 

()*r)4 

7-97 

.5 •32 

7th „ 

0-94 

5*79 

7-():i 

•I" 72 

12th 

0-86 

5*(;4 

()’(il 

24th 

0-75 

5* (13 

(i-lif) 

1 ,Vt‘ 

'Id!, 5 
'I'UO 

Average of 

24 hours. 

0-90 

5*87 

7-32 


Powarklieda soil is 7*82 cm/liour, Chara-aou 
01 has 5-87 cm/hour while Patan soils is very low in i,rr,uoa,I.lli( v. I*<nv;,.,-kh;.;( , 

rails apparently show a better rate of percolation and (he lejist on.- is l'aia.n soil 

Baver* has shown that there exists a direct rclalionsliip bclwccn (In. non-.-;r lilhi. v 


. V V i uwiin^unoa sou w lU' n 

bater rate of percolation has 22-()% non-capillary -porosity wh.-n-as Pafin 

inch has a low rate of percolation has only 12 9 / of r ^ ^ 

is a good relation between non-capillary -porosity and the 
Ti! aggregation does not exhibit any such diflbr 

Thus laboratory study of permeability, porosity, and stn: 
diagnose the behaviour of different soils under held irrigation 


mcability. I low.iver, 
rcnce between tlu-se soils’ 


Salt content, exchangeable sodium: and sno n , a, r . 

the physical properties are a good gmidc triuclm -f-T-,-'. 

complex pd pH are aiso’^ hTful in Setermin b; t 'of ’ o 
irrigation. The total soluble salt in these soils is bel(iw\)T5% wllid^ 
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low and the pH is between 7*8 and 7*9. Similarly exchangeable sodium in these 
soils is practically negligible (Table 9). Thus the soils do not show any tendency 
of developing them into saline soils under irrigation. 

TABLE 9. 

T. S. S., idi AND Exchangeable SQx:>ruM 


Profile " Profile Profile ' Profile 

No. 1 No. 2 No. 3 No. 4. 


Depth 

0"-8" 

8"-25" 

(/'-IS" 

15"-39" 

0"-8'^ 

8"-26"' 

0"-8" 8"-26' 

T. S. S. 

0*12 

0-13 

UT16 

0-112 

0-053 

0-08 

0-16 0-17 

pH 

Exchangeable 

7-85 

7-9 

7-91 

7-83 

7-8 

7-9 

7-89 

Sodium m.e/ 
gm. 100 

soil 

0-09 

0-10 

traces 

traces 

nil 

nil 

0-12 0-2 


% saturation Since exchangeable sodium is negligible sodium saturation 

with sodium. is not calculated. 

Discussion. — In considering the suitability of a soil for irrigation agriculture, 
the texture and structure are important factors which govern the movement of water 
through the soil. In a coarse texture soil water will have free movement and will 
rapidly go down as the rate of percolation will be higher whereas the clayey soil much 
will depend upon the structure and porosity of the soil and will have a slow rate of 
percolation but will have high water holding power. Under irrigation, deptli of soil 
and water holding capacity are equally important. All these soils are deep and 
clayey in texture with high water holding and high water releasing capacity and docs 
not indicate necessity of frequent irrigation. More frecjuenL irrigation, as required 
for shallow soils and having low water holding capacity necessary results in in- 
crease cost in water, labour and increase cost of production. These soils have 
a wide range of available moisture which suggests that the plant growth in these 
soils will not be adversely affected even if the interval Ixe tween two consecutive 
irrigations l)e kept at longer intervals, than is \i.sually done in light textured soils. 
Naturally the climatic factors and the crops grown will play a great part in the 
assumption but in comjxarison with light textured soils under same climatic con- 
ditions these soils will not effect the plant growth so badly. Not only the moisture 
retaining capacity of these soils is high but moisture releasing capacity is also 
equally high as can be judged from the diflcrcnce between moisture at 15 atmos- 
phere percentage and 31‘0 atmosphere percentage i.e,, between wilting point and 
the hygroscopic moisture which is only T0%. Similarly the total porosity in these 
soils is nearly 55% and the distribution of the total porosity between non-capillary 
porosity and capillary porosity is of the order 35 and 65% respectively, but in case of 
Powarkheda i.e., profile 3, the proportion of the non-capillary to capillary porosity 
is nearly 42*0 and 58*% and in Khedi soil i.e., profile 5 it is 48*0 and 52*0% 
which indicates tliat soils are not likely to ]>e in need of immediate artificial drainage. 
Similarly the non-ca])iUary study of all the luirizons in these soils do not indicate the 
‘presence of any i:mpermea])l(^ layer throughout tlie depth, examined. Under these 
conditions, it is not likely that these soils would either get water logged or would 
develop salinity or alkalinity as llic content of soluble salts and the percentage 
saturation of sodium in exchange complex is insignificant. The aggregate analysis 
which furnishes tlu* water stability of the natural structure and the capacity of 
silt and clay to from aggregate si vows that nearly all the clay and silt fraction in 
these soils is aggregated into particles greater than 0‘02 mm. and the degree of 
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iD^^reffation is between S3-3S! and 96-04 indicalbiKMlicrcby llu- ciijnu-il y of soil (o 
maintoin good tilth. The dispersiin coeffici nit of theses soils, which is an index of 
the ease with which soil -particles slake in water, is only alxnil .rO wlu<-h is very 

low. In testing soil permeability many factors which are not yet lully midea-sfood 

and correlated influence the rate of percolation lint when a jx-ii olition ia(c is con- 
sidered along with other related phy.sical detennination.s, jt give.s ii useful infor- 
mation. From all the factors consider above it may be said jlia.l irrigation of llie.se^ 
black soils is possible without any probable danger of either developtnent of 
salinity or water-logging condition but con.sidering the clayey texture of these 
soils irrigation should not be applied indi.scriininately and should he (-ontrolled 
to suit the need of crops with adequate facilities of drainage.^* 
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IONIC DIFFUSION IN SOIL 
By C. DAKSHINAMURTI 

[Experimental Physicist^ Indian Agricultural Research Institute, New Delhi) 
(Received on 15th October, 1954) 

[Communicated by Dr. S. P. Mitra) 

I. Introduction 

A technique for the measurement of diffusion coefficients of anions and cations 
separately under a known total ionic concentration was reported in an earlier com- 
munication,*- Using that technique the effective fractional areas of water channels 
in beds of porous media, more or less resembling soil, were measured. In those 
experiments llic pore- space was completely filled with the liquid. In actual field con- 
ditioTis, however, except under water-logged soils, the soil porc-space contains 
partly liquid and partly air. I’he technique has therefore been suitably modified, 
in the present investigation as to measure the quantity of ion difiused in soils. As 
ionic diffusion depends on the sizes of the pores filled up and the water channels 
present in the pore-space, measurements were made under diflerent values of suc- 
tion applied to the soil and the results obtained are discussed in relation to the 
movement of salts in the soil pore-space. 

II. EXPIiRrMEN'tAI. 

Buchner funnels of two different diameters were used as diffusion vessels. 
Iffinnels of the same diameter were ground at the top such that they closely toucli 
each other on the rim when pressed together. U’o attain field conditions of^ packing, 
as far as possible in the laboratory, Woburn soil was used in the present investiga- 
tion. It is a sandy soil and the results of mechanical analysis show that the soil 
contains 7*2% clay, 1 d‘ 1% silt, 14-8% fine sand and 62% coarse sand. The dried and 
weighed funnels were liHed with the soil and connected to a filter pump with amercur 
manometer in series. Circular rubber bands were fitted so as to project beyond the 
rims of the funnels the ]>etter to retain the soil. They also i>erve^d as containers 
for the liquid which was made to percolate through the soil. N/10 KBr solution was 
percolated tlu'ough one funnel while N/10, NH.jNO^i solution was percolated through 
the other. The soil was washed thoroughly with the electrolytes in a constant 
temporature room at 20*5°G for about 6 hours when it would pack itself uniformly 
up to the top of the funnel and attain a uniform suction pressure. The rubber bands 
round the rims were slipped out and the excess of soil over the ground rim was 
carefully I'cmoved. It was convenient to allow the soil t<) project a little over the 
ground surface so that when the two (unncls were pressed together a l)ettei contact 
could be (‘stal>]ishcd between the soils. The. funnels were weighed and then joined 
rim to rim together. A metal collar was slipped over the funnels and tiglitly 
screwed to keep them together. They were kept horizontally as to have no prefer- 
(mtial gravity movement of the liquids in tlie direction of diffusion. The open ends 
of the funnels werci sealed with soft wax a<s to avoid evapoiation. All the experi- 
ments were carried out only for 24 liours as the depthii of tlie funnels were l:>ctwcen 
2 ‘5 and 3’() cm. 



After a known time of diffusion the collar was rcmov<xl land lltc funnels were 
carefully separated. They were weighed again and slight dideieiuc in tvt'iglii , il 
anv, was noted for making the necessary correotions. Tlu^ soil was then dried 
up'in the funnels for 24 hours at 105°G and tin; loss of w<'igiit was noted. I In- soil 
in the funnel containing NH 4 NO 3 was washed earelnlly with distilled walei and 
the wash was collected to estimate the bromide ion ddlnsed. I snail) the wash 
so obtained was slightly coloured with the organie ina.l ler present in the soil 
and it was decolorised by boiling with hydrogen peroxide la'I'ore esliinatine: the 
bromide ion volumetrically. 

in. Knsuj.-rs 


If two solutions containing ions of equal niobrlities 1ml eheinieally dis- 
tinguishable and of the same concentration Co arc brought into e<inla'. l at a. plane 
_qirfacc, the amount, q, of the ions that dilTuscs across area, .\ of this plane in lime. 
7 " is related to the diffusion coellicient D by the e<|uallou 





If the solutions were held in porous beds, sa,y of lli<^ same poi'osiis , (he (|Uiuiiil\ 
of the ion diffused in a given lime d(-pi nds on the elfeelive fra<'llonal area of (he 
cross section, f, given by the e()uatinn 


D 


/ 2<| V ■'T 

vCoAf/ 4 / 




The value of f depends upon the twists and eonslru'.lions ohsh u(t( diliiisioju 

If q, A and T are measured, knowing t)ic vjtlnc of I) (he valiK* of f can Ix' (calculat- 
ed. The results obtained from the difiusion lueasuiH'nuaUs aia^ givcm in (lie (able 
below. Ihe value ofD at 20‘5‘*G for the bronucU^ ion was ta,k(‘n a.s 1*78 tau,*7<luy. 
Effective Fracteonal Arj-:as Caix:(,teatj-;'i) miom Dim-usion M!:.AsuR{.,N(EN‘rs 

IN Woburn Soiu 


T 

in days 

Suction 
pressure 
cm. Hg 

A 

cm." 

Porosity 
of air 

P (air) 

1-0 

25-1 

33-03 

0-293 

1-0 

25-1 

17-69 

0-212 

TO 

13-5 

33-03 

0-298 

TO 

7-5 

33-03 

0-224 

TO 

7-5 

17-69 

0-223 


Por()si(y 
of li(|, 
(p. ihi.) 

<l/C!o for 
l)r(>inUl(‘ 

i'Br" 

fHr" 

0-174 

0-37 

tl-Ol.S 

O-OBf) 

0-179 

()- 2 (i 

0 - 021 ) 

0-100 

0-17-1 

0-99 

0-010 

0-228 

0-244 

T7(J 

0-071 

0-291 

0-238 

0-71 

l)- 0 .bl 

0 - 22 :> 


In this technique there is possibility of anionic exchange and of e(juilil>riuiu 

between the ions and the clay particles, which, however, is not likc^lv (o aJliaU 
signihcantly the conclusions. 


^ The funnels usedin the experiments sliglitly ciuierea r.. mivm airx.bn, vi iPd- 

section and their mean values were taken. Inspitc of the nnilbrni snetion a,pplie<l. 
he values of porosity (both P (air) and P (Hci.) ) dilfc-red sllghilv IVom one ‘cu.nu-l 
to the other and m tins case also the mean values were t:i,k(-n. 


IVf Drsctis-iioN 


Migration of ions np to the ])lant roots takes place («) b\ 
ment of the soil solution through the pore- space and (//) In- 
long as there is drainage, viscous ilow is possible. But wlu-ji’ 


( 1m‘ vise MIS iiH >V(*- 

ionic (Ulfusion. As 
once (ht* (lrainag(‘ 


I 2o ] 


stops ionic diffusion alone helps ionic migration. In the three phase system of the 
soil, the air and the solid material can be assumed to. act together in forming the 
twists and constrictions in the water channels. 

In the case of porous 1.)eds the ratio f/P is an index of the twists and con- 
strictions in the water channels. The ratio calculated from the results obtained 
seems to depend on the suction a,];)plied and is found to vary from 0'294 to 0‘085 
with change in suction values from 7*5 cm. to 25*1 cm. This is due to the fact 
that as the suction is applied ail tne lugger passages where the movement 
of the licpiid as well as the migration of ions can more easily take place, 
will be first exhausted and the porc-spacc that remains filled up will contain 
more twists and constrictions thus impeding the migration of the ions. This 
hindrance is found to increase with increase in suction applied. In other 
words the bigger pores that arc emptied in the beginning reduce effectively 
the ionic migration but do not ])roportionalely seem to reduce the total pore-spacc 
filled up by the lictuid. 

At a suction of 7*5 cm. applied, bromide ion contained in l-7o3 c. c. of liquid 
diffused in one day. For the same quantity of ion to diffuse at suction values of 
13*5 cm. and 25*1 cm., the periods rcciuired work out to lie about 3 days and 23 
days rcs])cclivcly. This ra])id decrease in the amount of ion diffused with increase 
in the suction a}:)|)licd, is imjiorlant for understanding the 'movement of salts in 
soils. 

The diffusion measurements thus indicate that at high values of the suction 
applied the migration of ions due to diffusion is practically negligilile. On the 
other hand a study of the flow of the liquids through narrow tubes showed that a 
Poiseuille flow coupled with diffusion is very effective for the movement of salts 
while a poiseuille flow alone was not so cffcctive‘4. This explains the classical experi- 
ments of Laws, Gilbert and Warington,^ where the drainage ^ liquid after rain fall 
was poor in salt contents at first while the last traces were richer in salt contents. 
In the beginning the water passes through comparatively big channels and carries 
with it little salt while the last traces drain through the fine pores of the soil where 
the diffusion is effective and carry the diffusablc salts with them. 

V. Summary 

A technique for the measurement of ionic diffusion in soils was described. 
Knowing the diffusion coefficient of bromide ion the effective fraction areas 
of water channels in a sandy soil were measured under three different values 
of suction applied. The migration of ions was found to be greatly impeded 
at higher values of suction applied. The results are discussed in relation to the 
movement of salts and salt content of the drainage waters. 

The above work was carried out at the Rothamsted Experimental Station 
and the author desires to record his grateful thanks to Dr. R. K. Schofield, 
Head of tlie Soil Physics Department, for his helpful suggestions and dis- 
cussions during the course of tlic investigation. The author is also grateful 
to Dr. S. P. Raycliaudhuri, Head of the Division of Soil Science and Agricultural 
Glicmistary, Itidian Agricultural Rcstxircli Institutcx New Delhi for his helpful 
discussions. 
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pF^WATER RELATION IN HEATED SOILS 
BxK. SUBBA RAO and \K l\ RAMA(JH«\Krdl 
Defence Science Organisation^ Ministry of Defmco, (Joverrimrnl of Inditu ,\av Delhi 
( ComiTiu nica ted I )y 1 ) r , N . R . I ) h ; u* ) 

{Received on 3rd October, 1953) 

iNTKODlJC'nON 


It has been shown in an earlier j)aj)cr (th 7, 8) dial (he perm aUiilily (Ar 
water of a Soil increases as the soil is heated to lonijiia'alun'S, Tin* reason 

for this increase in permeability has been su^i^-gested lo In' tin* ineri'aM' in inni- 
capillary pore volume brought about by the aggregadoji ol' soil pardcles. It 
has also been shown subsequently that the uon-ca;pi 11a, ry port' volume incn'usc’s on 
heating the soil by actually measuring the capillary and tolal jiore volunu's 

The porous structure of a soil is essentially dcpendenl upon di{‘ siz<‘ of (he 
soil particles and the mode of compaction. As the soil jiardehrs aggn'iuila, llu' 
capillary, non-capillary and total pore volumes var\'. Havin'* has'Mndidf the 
pF-water relation in a large number of soils 'and has drawn ("rtaiu 
important conclusions. The objecl of tlu' inTseni imrsligal ion is (o sindv Ihe 
pF-water relation jn the Jiealed soils in conijiarlson with (hat nl' nonnal muI 
Ihe mterestxng results obtained have been jxresi'iitinl in (his pajx'r. 

I'jXWux rM:i*;Ni;AL 


I he {‘aili’n* in\ eja I- 


The SOIL : The Gangetic a,lluvial soil <>(' Dihhi n 
gatioir was employed in the present work. 

Heating the soil : As in the ])revious work' 

3^ hours at the following tomperatures, bO^V: 1 ' non 
800°C and 1000°G. ’ 

in 

empicynd. The enperin.cnCnl nrrnngcnK.,,, 


(lu* soil 


was Inuiled lor 
. ()(KL( k (>h()“(!, 




i'M?. 1 


'r<'t).si<jinrU‘r 
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A porous porcclalu cylinder fitted with the tensiometer tube was supported on ari 
iron rod (1 inch length) rivetted to be perforated bottom of a metallic can. 
With the iron rod support the tensiometer could be placed in a stable position, 
otherwise the porcelain cylinder would be subjected to strain if merely clamped. 
As a result of this, the rubber cork joint would yield and abrupt changes in 
tensiometer reading were often noticed. 

A modification in tlie apparatus was effected by introducing a ground 
glass joint l>etwcen the porous porcelain cylinder and the tensiometer tube. 
The olrjcct of this joint was to facilitate compaction of the loose soil while having 
the porcelain cylinder supported over the iron rod inside the soil. After the 
compaction was over the tensiometer tube was attached and the tensiometer was 
brought into action by filling it with water. Without this joint the insertion of the 
tensiometer into the compacted soil would disturb the state of compaction. 
Before the porcelain cylinder was introduced into the soil the air inside the pores 
was replaced by water. The cylinder filled wuth water was inserted into the 
soil. The soil was compacted by dropping the can ten times from a height of 
one inch. The tensiometer tube was attached. The soil was next saturated with 
water by passing water through the soil from above for about 20 hours in order 
to remove the entrapped air from the soil I^y solvent action. Permeability 
measurements (6, 7, 8) have shown that the removal of entrapped air from soil 
is normally compelete by about 24 hours. 

The zero reading of the tensiometer was taken by adjusting the water table 
to the centre of the porcelain cylinder. After taking the zero reading, the 
water table was removed. Tlie drainable water was allowed to drain off 
through the perforated bottom. Two days after the removal of the water 
table the first tension reading was taken and at the same time a sample of the 
soil was removed for determining the water content. The soil water was 
determined by the method of oven-drying. For nearly six hours before taking 
the tension reading and removal of the soil sample, the can was covered to 
check evaporation in order to avoid non-uniformity in water distribution in the 
entire soil bulk. The soil was next kept open for a day to freilitate the removal 
of water by evaporatien and again covered for about six hours before the next 
reading was taken. Tiie measurements were continued in tliis way. Each 
experiment lasted over three to four weeks. Collection of air bubbles was 
noticeable only after a tension of 30-40 ems of mercury was readied. Nearly 
15-20 points were obtained in each experiment and only some of them are shown 
in the graphs. Duplicate experiments were carried out in a few cases to ensure 
reproducibility of the results. 

According to Richards if the diameter of the mercury reservoir bulb is 
more than 10 times the diameter of the mercury column in tne tensiometer 
the fluctuation in the level of mercury in the reservoir is negligible. In the 
tensiometer used in this work the diameter of the mercury reservoir bulb was 
40 times the diameter of the capillary. 

DiiTERMiNATiON OF SOIL wATJiR AT ZERO TENSION : For determining the soil 
water at zero tension, tlie method of oven drying of a sample of the soil taken 
from the surface wliilc ke(^])ing the water level at t])c surface of the soil in the 
can was consistently giving higher and unsteady values. Therefore an alternative 
procedure was adoiUcd. It consisted in employing a glass cylinder with a side 
tube at the bottom, Fig. 2. A column (same as tlic soil column in the tensiometer 
experiments) of Imown weight of soil was taJeen over a jicrforated metallic disc 
witli a filler paper and compacted. Water was allowed to pass through the 
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soil cOiUmn for about twenty hours in the some say as m the tcnsionu-ter (iXlKwi- 
ment. The water table was kept at the surface of ( he soil by adjustiiif!; the side 
tube and apparatus weighed. The weight of the glass cylinder without the sod 
and with water level at the porous disc was also detennincd. 'I'h<^ we ight of tlte 
cylinder with and without soil column being known the jiercent age of water in 
soil at zero tension was calculated. The accuracy of tliis ineasnreinent was jbd'r)%. 



Froin these experiments the pF-water relations wane obtained for normal 
and heated soils and have been shown in Figure 3. 

Determination of Inflexion point : Th<; inllexion point in the Dh'-witer 
curve is the point at which the rate of rate of cliange is zero: '.n.is was (lettnmuned 
numerical method from a large size pF-wafer curve. In r-tises in 
which the inflexion was an interval instead of a point, the centre of the intervU 
Sly m An accuracy of ±0T,Z .iiml 

haUWnMcaw" Fig 3 >»atcrU„il, 

were'-takfn soil, the apparentdensitLwc.ren<H:<^ssat■v L• e 

were^taken from the previous paper.'* The state of compaction in I • m 
sromcttr s.udrcs. kept the rame aa in the eaperimc.tr on deniy rtcZinlni,,;."' 

Pemeabilitt coefficients : The permeability cocllicicnts which h ive bi'cu 
employed m the present paper were taken from the previou tm Ik^Sr 

aflrthesIltkqnlmlrLi^ 

DISCUSSION 

THECHARACTmiSTICS AND SIGNIFICANCE OF THE pF-WATER CORVES- IFiver* 

has made a detailed study of the' characteristics and significanee ol ( I ^‘,h’ wVtcr 

curves of a large number of different types of soils and -s 

important generalizations. According to Baver tlie dF of hitli'vly 

amount of water withdrawn from the soil from zero tension to the luik-xioirinJbt 
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are sionificant factors and are related to permeability. J lie ]>eniu .ilnlily iner(';i!'’<^s 
■as the amount of water withdrawn from zero tension to inllexion inmit increases 
and it also increases as the pF of inflexion point chn'iamses. In lln* li!!;lil o( these- 
■generalizations, the changes in the pF-w;Ucr curves of noinml ;ui(l liealed soils anr 
studied and are shown in Table I and Fig. 4. 


TABIfli; T 


iTemperature 

Weight of 

Weight of 

pF of' 

WcuglU of' 

Porosity 

P(a‘iM(ai« 

to which soil 

water per 

v^ater per 

inflexion 

wa.l<a* ])er 

fat'tor 

hilit y etKv 

is heated 

100 c.c, of 

100 c.c. of 

point 

100 e.e. of 


fll<aent of 


soil at zero 

soil at 


soil willi- 


soil (dr 

■' 

tension 

inflexion 


(Irawti 


water in 


Vz 

point 


IVoin zca'o 


vimjhr 



Vx 

pFx 

tension to 







inflexion 

V/.A'x 






]K>int 







W. \’x 

pFx 


N 

50-44 

29-5 

2*15 

l>()- 9 -l 

9-74 

5-95 

60°G 

49-97 

29-0 

2*20 

20-97 

9 -. 5 :s 

.5-60 

150°G 

49-96 

28-5 

2*18 

21-10 

9-84 

6-25 

225°G 

50-09 

28-5 

2*18 

21-1)9 

9-90 

6-ao 

360°G 

51-26 

29-5 

2*13 

21-76 

10-22 

10-70 

600°G 

54-37 

31-5 

1*97 

22 -a? 

1 l-tll 

16-90 

650°G 

55-07 

32-0 

1*!)8 

23-07 

1 1 -Ofi 

U!-(.5 

800°G 

56-11 

32*0 

1*95 

24-11 

12-37 

17-45 

1000°G 

56-80 

32*5 

1*83 

2'l-30 

13-27 

15-60 


(1) Water CONTENT AT ZERO TKNTION (Vz) : Tlic; water eonl<-nt ;i1 zero ten- 
sion decreases slightly on heating the soil to OO'Tl. iiua-ease sliglitly up to I 
and further increases more rapidly upto 6ri0°(l and above tliis KnnjK-rtilure the 
increase is less. 


(2) Water CONTENT AT inflexion POINT (Vx) : Tlie walin- content at inllexion 
point decreases upto 60°G and further dccretises sliglitly upio 22r/’(l. From 22ri"(; 
to 650°G it increases and above 650°G it increases h-ss rapidly. 


(3) Water withdrawn from soil from zero tension to 
(Vz-Vx) : The weight of water per 100 c. c. of soil withdniwn !' 
to inflexion point has remained the same on heating the soil unto 
Steadily increased from 60°C to 1000°G. ^ 


INl'l.I'.KION IMHN'r 
roiu 

()()''(! iukI has 


(4) pF OF inflexion point (pFx) : The pF of inflexion iioint in tin- ])I'-wat<-r 
curves ol the nonnal and heated soils shows interesting ehanues. The nh' firs 

^lishtly decreases u)no 22.T'(; I'nm. 
225 G to 650 G the decrease is more rapid and aliovc (iSO'Xl the decrease is le-s 

■Vz-Vx 


(5) Porosity Factor : According 


to Baver' the jmrosily factor is 

'^iAdrawn from zero tension to inflexion noint 
inflexion point. The porosity factor decreases on heatinn the soil 

SpTdlJ^^ ^ i*- nnnrales niTu'c 
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PF OF MFUXtOH POfNT, 



rs 


Temperature (^^C) to which soil is heated 

Fig. 4. Relaticn between the temperature to which soil is heated and 
I. Height of water retained per 100 c.c. of soil at zero tension Vz, 

11. Height of water retained per lOO c. c. of soil at inflexion pcint Vx, 

III. Height of water widirawn per ICO c. c, of soil from zero tension to inflexion point Vz Vx 
IV. PF of inflexion point PFx. 

„ . r Vz— Vx 

V. Porosity factor — 

R15LATI0N between permeability and the amount of water withdrawn from 
SOIL from xf.ro tension to infi, exion point : Baver considers that the amount of 
water per 100 c. c. of soil withdrawn from zero tension to the inflexion point is 
equal to llie volume of non-capillary pores in the soil. Non- capillary pore volume 
is one of the factors which determine the )-atc of permeability. It has been shown 
earlitu-^ that the non-capillary pore volume as obtained by direct measurement 
of the capillary and total ])orc volumes varies linearly with permeability coefficient 
with inversion points for soils heated to 225° G and 650°C. In the present study 
the weight of water withdrawn from zero tension to inflexion point bears similar 
relation to permeability with inversion points for soils heated to 225°G and 650°G, 



[ 33 1 




Fig. 5. This parallelism in the two relations indicates that: the amount of water 
withdrawn from zero tension to inflexion point docs n^ally n^jirescml the nom 
capillary pore volume in the soil. The significance of (h<^ inv<n’sion point itsedf 
for soil heated to 225° G was attributed to a shift, in tli<^ pF inflexion point in 
the pF-water curves and this has been shown to be true from a study of' the vari- 
ation in the pF of inflexion point with the temperaturi^ of Inaiting th<* soil. 

Relation BETWEEN permeability and porosity factor : ddiough tlu^ a.Tnount 
of water withdrawn from zero tension to inflexion point incrtaascis <'ont inuonsly with 
temperature of heating the soil, the variation of pF of inflexion |)oint is hovvonao' 
significant. Porosity factor being the ratio of the amount of wate;i' witlidrawn 
from zero tension to inflexion point and the pF of inflexion point, its variation 
with temperature will be similar to that of pF of inflexion point but in the 
order, Fig. 4. This curve is very similar to the curve of permealiility— t<nnp<n’atun^ 
of heating the soil, shown in the earlier paper^ with respect to the inversion 
points. The relation between permeability and ])orosity factor is limxir ov<n' tlu^ 
entire range of temperatures upto 650°G, Fig. 6. This is a v<ny signifli'ant relation 
showing the dependence of permeability on the cmnbimxl (dl<‘cts of' non-capilhirv 
pore volume and the pF of inflexion point. 



Weight of water vviihdraw'ii per 100 c. 
from zero tension to inflexion point’. 


oil 


Fig. 5. Relation between permeability and weidit 
of water withdrawn per 100 c. c of soil from 
zero tension to inHexion point. 


Porosity Fa<ac»r 

Fig. 6. Relation between perincahility and 
porosity factor. 

from ^ 

roil heattd to 650 ”C 1“ ec” ssa™ Ko iluy-I^troaty 

the fact that the soils heated above M 0 "C n’„, i lhl, 
dirintegradons under prolonged Lw-Sce t w e r Tl’“' 

thepermeaMi y„.s obraS^d^'Ser' t'y ^^ 0 :. ,rtl, 

The permeabihty is really that Of a changed system i "• 

mg » extending the above ,„ocelations,Loikl«ted aw , “ "" 
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IlELAtlOlsr BETWltEN NON-CAPXLLARY PORE VOLUME AND THE AMOUNT OF WATJ^lR. 
WITHDRAWN FROM iZERO TENSION TO INFLEXION POINT : From the foregoing study 
and also from the investigation of Baver there is no doubt that the amount of 
water withdrawn from zero tension to inflexion point represents the total non- 
capillary pore volume. Because, this quantity increases with increase in the 
temcrature of heating the soil (Fig. 4) approximately in the same way as the non- 
capillary pore volume determined by direct measurements.^ Whether ' the 
amount of water withdrawn from zero tension to inflexion point is equal to the 
non-capillary pore volume or whether it i only a measure of it is a point which is 
yet to be clarified. Baver however has taken this as equal to the non- capillary 
pore volume but this generalization is not in harmony with what has been observed 
in this paper. The non-capillary pore volume determined by direct measurement 
is plotted against the amount of water withdrawn from zero tension to inflexion 
point Fig. 7. The relation is linear. The straight line graph of the two quantities 
may be represented by 

y = 2T5 X 

where ys= the non-capillary pore volvme 

x= weight of water per 100 c,c. of soil withdrawn from zero 
tension to inflexion point. 



Weight of water withdrawn per 
100 c. c. of soil from zero 
tension to inflexion point. 

Fig. 7. Relation between non- 
capillary pore volume 
and weight of water 
withdrawn from zero 
tension to inflexion 
point. 


[ 35 ] 




The relation indicates that the two quantities arc not c((nal and dial (lie non- 
capillary pore volume is 2-15 times the amount of water wrllidrawn from zero 
tension to inflexion pPint. Even considering the scnittcr of tlic jioitrls owing lo liniiled 

accuracy of the measurements it is definite that (he two qnanlilies a,ie not e(|ual 
because of the observed ratio of 2-15. The pliysical signilieanee of lids relaliou 
namely that the non-capillary pore volume is nearly twice die aniouirl of waler 

withdrawn from zero tension to inflexion point, is not clear. 

Physical SIGNIFICANCE of the pF of inki.kxi'on point in Rni.-vnoN to i*hr- 
meability ; Though Baver has stressed on the iinporla.nce of the jiF of the iullexion 
point as a factor in determining permeability, the pliysical signilieanee of this 
quantity has not been elucidated. The pF of inflexion jioint in a soil really indi- 
cates the most predominant pore size in the soil. In a soil, the jiores a,re lo he 
visualised in the form of continuous channels rather than as isola.tc-d jioekeis. 
These channels have a number of constrictions producing what are known as cavi- 
ties or ink bottle shaped pores. The cavity concept was first suggested by AleHaiid, 
and later elaborated by.Rao, K. S. (4, 5, 10) in an extensive study of liie soriuiou- 
desorption hysteresis. Hysteresis phenomenon is essentially static and is roiuiect<-d 
with equilibrium between the liquid and vapour phases. 

Cavity concept and permeabixity : The cavities probably play a profound 
role m permeability — a dynamic process. Fermcabilily is mainly a, capillary flow 
phenomenon. According to Poiscuille’s laiw, the rale of (low is proportional to 
the fourth power of capillary radius. Astir.; wa.lcr passes through the pores in the 
soil, it is really the constricted portions or the necks of the channels which olfer the 
maximum resistance to the flow of liquid and are therefore of imporlanee in deter- 
mining the rate of flow. Assuming that the jiF of inflexion point sign iiies (lie. 
neck diameter, it follows that the pF is in a hirgc measure, a eontribuloi y factor 
in determining permeability. As the neck diameter in (hes<- ehaimels increases or 
decreases the permeability also correspoundingly increases or ileereasoii and the 
pF of the inflexion point in the pF- water curve also corresiiom'iugly decreases or 
increases. The pF of inflexion point in the pk'-water eurvi' dmioie.s the most pre- 
dominant pore size. According to the cavity concept if the pF of inflexion point 
stands for neck diamater the amount of water that can be withdrawn from the 
soil without changing the pF'’ at the inflexion point ajrjireeialily represents the 
amount of water entrapped in the cavities. 

In conclusion, the pF-water relation in the normal and limited soils is an 
excellent illustration of Baver’s generalizations. The pliysical e.oneept of the jiF of 
inflexion point which so far remained obscure is beautifully e.xjflaiued in terms of 
the cavity concept. 

Summary 

By employing the tensiometer technique the pF- water relations has been 
studied m normal soil and sous heated to 60°C, 150°G 225"(,' ‘iCtl'T ' itnoCf < rcoo/ . 
800°C and 1000°G. ’ ’ 


The variation with temperature of the pF of inflexion point, the 
water withdrawn from zero tension to inflexion point and the poro.sity ( 
been studied. ^ 


amount of 
actor have 


The relation between permeability and the amount of waler 
zero tension to inflexion point is similar to the relation lie tween 
non-capillary pore volume. 


wltlulruwn from 
Ixn'incahiUly uiul 
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Permeability bears a linear relation wjth porosity factor. The exact relation 
between the non-capillary pore volume and the amount of water withdrawn from 
zero tension to inflexion point is considered. 

The physical significance of the pF of inflexion point in relation to permeabi- 
lity is discussed. The role of the cavity concept in explaining the variation in per- 
meability is indicated. 

I he authors are grateful to Dr. D S. Kothari, Scientific Adviser to Ministry 
of Defence, Government of India, New Delhi, for his keen interest in the work 
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SOME CONTRIBUTIONS TO THl’^ PROBLEM OI SOU 

RELATIONS! UPS 


\va'M';r 


By A, K. MALL IK 

Agricultural Meteorology Dityuion, Poona 
(Communicated by Dr. A. K. Uey) 

(Received on 27th October, 1954) 

iNTRODtrCTrON 

Soil water is a life sustaining factor for llx'. ('ro)) and as such ban 
engaged the attention of workers ' from very (^a,rly djiys. As rarl\ as Um\ 
Briggs^ suggested that soil water from saturation to (lryat\ss (’ould hc^ d(\siaaafrd as 
gravitational, capillary and hygroscopic, [alter, Krvar sliowcal that ilii s divisi(m 
does not imply that the three different forms or stages of soil^ waU-r ar<' sharply 
distinct from each other but represent merely ])oiuts on a ('ontiimons snujoth nirsi' 
from saturation to dryness. The present conc(‘ption of soil water is hascal moic* or 
less on the conclusions arrived at by Keen. It may not b(M)at of place' hei(’ to 
recall the characteristics of gravitational, capilhu'V a,nd liygrosc(‘pie .stag;eN of sail 
water. Gravitational water is that water which drains down undej* the for<a' (»{ 
gravity leaving what is known’ as tlie 'Mi(dd {‘apa.city'' in the soil. ( Iaj)ilhtry water 
is that water which is held in the ca))illaries <)f the S()il agaiiist gravity alier all 
gravitational water has drained down. Movemumi of (his water tak<!S ydace oidy 
by loss of water through evaporation from the ground surfa.ee or througli absorp- 
tion by plant roots. Hygroscopic water is that which is (h'positt'd as a, thin him oi 
condensed water vapour on soil particles when soil material is exposed to water 
vapour. It maybe also mentioned that neither the gravitational nor tlu! hygros*^ 
copic water is available for absorption by plants, so that it is only thi' capillary 
water which serves as the direct source of supply for j)lants. 

Ever since its inception in 1932, the Agricultural Mc'teorology Divisional 
Poona has been actively engaged in dealing with problems r<da.tini/ to different 
aspects of soil-water relationships, and obtained some interesting and us<d'ul r<tsidts. 
The present writer has taken part in these investigations since 1937 and tla^ ohjc'd 
of this article is to bring to the notice of soil workers, pointedly, and in a comi)rc- 
hensive manner, the results obtained by the workers at Poona, with, tlu'. lioj)e of 
stimulating discussions and further work. 

L. Diurnal VARIATION OF THE HYGRoscoHc WATER IN the; son.. -dt is well- 
known that bare soil wetted during the rains goes on losing water duriiig tln^ follow- 
ing dry season until the surface soil is left with only hygroscopic wa(<u\ ' Aftt'r tins, 
till the next rain, the moisture content of the surface layer of sod remains prai'tieaUv 
constant from day to day. Ramdas and KattP showed tliat: und<a* the eonditlous 
describea above, there is a regular diurnal exchange of moislunt Ixrtweeri the surlace 
soil and the atmosphere; There is loss of moisture by evaporation durimr tlu' dav 
which is followed by invisible condensation of moisture on soil during tlm niidil Vis 
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if the soil exhales moisture during the day and inhales it during the night. As a 
result of this, although the moisture content of the soil remains more or less constant 
from day to day, as found by earlier workers, there is variation in the moisture 
coritent from hour to hour during the day. Later Mallik^ found that not onlv dry 
soil but dry plant materials like leaves and grain also exhibit this diurnal exchange 
of moisture witli tlie air layers. 

In a subsecjuent paper, Mallik*^ has shown that the depth to which this diurnal 
exchange extends is dilTercnt in different soils, being smallest in the black cotton 
soil and greatest in sandy soil. On the other hand, the amplitude of the exchange 

i.e., the quantity of moisture exchanged is maximum in the case of black cotton soil 
and minimum in sandy soil. Table I gives the actual figures. 


TABLE I 


Depth of soil involved in Mean maximum amplitude 
Type of soil the diurnal exchange of of variation in weight in 

moisture (mm). gm. per sq. cm. 


1. Black Cotton soil of Poona 10 0*0460 

2. Red soil of Bangalore 20 0*0169 

3. Alluvial soil of Lyallpur 25 0*0167 

4. Sandy soil of Trivandrum More than 40 0*0025 


2. The caph-lary ascent of water tn son. and evaporation from the 
SURFACE. — It is well-known that when a soil column is resting on a water table 
with the top surface freely exposed to the atmosphere, water will ascend through 
the soil column and evaporate from the exposed top surface of the column. The 
height to which water will rise will depend upon the properties of the soil and the 
rate of ascent will depend on the rate of removal of moisture from the top surface 
by evaporation. Using soil evaporimeicis, designed in ihe Agricultural Meteoro- 
logy Division at Poona, Malik^ studied the ascent of water through soil columns 
and its loss by evaporation, using three types of soils. Time, of ascent of water up 
to different heights in the three types of soil are given in Table 11. 


TABLE IT 

Type of soil Time taken by water to ascend to a height of 

Gin. 1ft. i^ft. 2 ft. 3 ft. 

Poona soil 1 day 2 clays 6 days 15 days not apparently wet after 

6 months also. 

Punjab soil IJ days 3 days 5 days 10 days 21 days. 

Bari (alkali) soil of Punjab 3 days Not apparently wet even after 6 months. 

It was thus shown that although initially the rate of ascent is fastest 
in the l)lack cotton soil of Poona, ultimately water rises up to a greater 
height in the alluvial soil of the Punjab while the height to which water rises 
in tl\c alkali soil is strikingly low. 

In the same paper, MalUk discussed the evaporation from the soil columns. 
He found that (1) the loss of water by evaporation goes on decreasing as the water- 
table rccc(l(‘s further and further I)elow the surface. (2) Evaporation from the 


l. 39 ] 



black cotton soil and the alluvial soil is more or less sinular l>u when the. 
water table is near the surface, evaporation is greater Irom uie |>laek cotton 
soil/while with the water table at a distance ol more iluxn IB Inflow t n^ 
surface, the porous alluvial soil evaporates more. (3) hvupoiation liom tlu‘ 
alkali soil is very much smaller. Fig. I illustrates the above hneUngs. 



Fig. 1. Evaporation with the w';ncr-i,al)Ic at various 
depths below the surfaec (mean daily for 
May, 1939). 

In a subsequent communication, Mallik’ showtal that the <‘va,])orat ion loss 
from the soil can be consideral)ly reduced by tlie application of a tiun layer 
some white substance like chalk to the surface of the soil. 

Using Mallik’s data Ramdas^ obtained the. equation EolCr^^* for 

evaporation from bare soil surface. 

In this equation, 

E 2 — evaporation with the water table at a distance of z (cm.) below (>'<* 
surface. 

Eo=e vapor at ion when z is equal to 0 

a=a constant different for different soils and can ])e d<^lernuned <'xv)tnamen- 
tally. 

z=-the distance (cm.) of the water table below the surface. 

AsEo in the above equation is practically the same as (evaporation from 
freewater surface which can be computed approximately from met(an'oh)gI('aI 
factors and as a can be determined experime|itally, it becomes possihlfto ohlam at 
least the order of magnitude of the loss of water from bare soil witli the help of 
the above equation, if z i,e., the distance of the water table Ixdow tlie surfac.e is 
known. The utilities of having some idea ’ regarding the magnitude^ ol' eva- 
poration loss from bare soil, in large scale surveys of catchment ar(‘as, jire 
too obvious to need description. 




The capillary ascent was later studied visually in small glass tubes by 
Ramdas and Mallik.® It was found that the rate of ascent can be repre- 
sented an exponential cuive with a steep rise in the beginning and a 
gradual flattening latter as shown in Fig/ 2. 



Fig. 2. Capillary ascent of water in black cotton soil of Poona. 


It was also found that the ascent is initially more rapid in sand than 
in the black cotton soil but whereas in sand the rate slows down very 
rapidly, the ascent continues uniformly for a long time in the black cotton 
soil. The most important result o1)tained was however that the presence 
of certain salts like sodium carbonate reduces very markedly the capillary 
ascent of water in soils. 


The capillary ascent of solutions oi’ certain chemical salts. — As mention- 
ed above, Ramdas and Mallik® found that certain chemical salts like Lithium 
and Sodium carlionatcs very greatly depress the capillary ascent of water 
containing these salts. The heights reached by water and by 2% solutions 
of certain salts, in the black cotton soil, of Poona at the end of 26 hours, 
are given in Table III. 

TABLE in 

Nature ol the ascending Height of wet column in cm. 

flnid. at the end of 26 hrs. 


Water 

Lithium carbonate 
Sodium carbonate 
Sodium sulphate 
Sodium phosjihatc 
Potassium carliona le 
Sodium hydroxide 
Sodium l)oratc 
Sodium nitrate 
Sodium chloride 
Potassium hydroxide 
Potassium chlorate 


37-8 

0*0 

1-8 

35-2 

35*6 

37*8 

40*8 

42*3 

43*0 

43*8 

44*7 

48*5 
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Hivlne found that certain salts suppress the ascent of water in the soil tlicy 
„ten?.r "he i“es.iga,io„ further .o' the arceu. 

soS carbonate solution and obtained the values given in ’ I 

rise of sodium carbonate solutions of different strengtlis, at tlie end of ..•« houis. 

TABLE rv 

Concentration of sodium Ascent in ^ J 

carbonate solution in l’<»>na at the^ cm d of In s. 

water. 

1-000 % 

0-500 % t;.q 

0-125 % m 

0 • 000 % (water) 51.5 

These values showed the rapid decrease in the ascent of the solutions with 
flip Increase in the concentration of the solution although xno.st of tlie elleet lakes 
nlace between 0 and 0-125 %. In a subsequent comnnmicaUon, RaiudHS and 
Mallik and Pandit’® have shown that the ascent of very dilute sidulious is 
actually slio-htly greater than that of water and that the decrease in tin- asi-eni, 
comes into ^effect only when the cone cn Ira I ion is i,n(’r('as(‘(l J'' i'rrlain 

critical value which for sodium car])onalc was found (o l)e aboiU ‘/'o; ^ 

Having confirmed that the prcseiu'c of (',(‘i'(ain saJis liki^ 
sodium carbonates, decreases the permeability of soils. Ramdas and Malhk 
examined under the microscope the action of these salts on soil partni(\s. 
It was found that when a solution of tliesc sa,lts wa.s adthal t() tli(‘, sod there* 
was a very rapid and conspicuous swelling of (he colloidal (*oa(iu,n: <>1* tin* soil 
particles. Fig. 3 from the paper of Ramdas and Mallik shows (la* swelling 
of a single soil particle in a drop of lithium earlHiiuitia Sodium (arhonat<* 
also caused this swelling though the effect was less nuu'k<‘d. 


Fig 3. Swelling of a single par ^ 
tide of black cotion soil of 
Foona : 

(a) in water 

{b) I minute after being 
in saturated solution 
of lithium corbonate 

(c) 4 minutes after being 
in saturated solution 
of lithium carbonate 
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In a subsequent communication’® Ramdias and Mallik reported results 
about the swelling caused by sodium carbonate in three different ways. 

(1) 15 gr. samples of black cotton soil were shaken up with 100 c. c. 
solutions of sodium carbonate of different concentrations and allowed to settle. 
The volume of sediments after settling are given in Table V. 

TABLE V 

Concentration of sodium carbonate 
solution (per cent.) 

0 (water) 

0-2 

0-4 

0- 7 

1 - 0 

1- 5 

2 - 0 

3- 0 

4- 0 

10-0 

20-0 

The stipcrnatant liquid at concentrations higher than 1% was coloured 
deep brown. 

(2) The capillary ascent of sodium carbonate solutions of different con- 
centrations was measured and found to increase slightly upto a concentration 
of O'CSy after which there was a very rapid fall and the ascent was minimum at 
a concSitration of 2%. But when the concentration of the so ution was increased 
further there was a rapid increase in the capillary ascent as will be seen from the 
figures given in Table VI. 

TABLE VI 


Concentration of 

Capillary rise during 

Concentration of 

Capillary rise during 

sodium carbonate 

24 hrs. (cm) 

sod-carb-solu. (%) 

24 hrs. (cm) 

solution (%) 




0 (water) 

28-8 

0-25 

5-4 

0-010 

29-9 

0-50 

3-9 

0-020 

31-7 

1-00 

3*1 

0-030 

32-3 

2-00 

1-9 

0-040 

31-7 

3-00 

3.0 

0-050 

28-0 

6-25 

6-8 

0-125 

12-0 

12-50 

19-5 



25-00 

26-1 


(3) 100 gms. of black cotton soil was mixed with 60 c.c. of sodium cabonate 
solutions of different concentrations and the pastes so formed were allowed to dry 


Volume of sediment 
(c. c.) 

24 

29 

36 

41 

46 

41 

36 

32 

26 

22 

19 
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TABLE Vll 


Concentration of sodium carbonate solution per cent. 
(GM. per 100 C.C OF distilled water) 



0 

(water) 

001 

0-02 

0'03 

0’04 

0-05 

0-1 ’5 

025 

0*50 

too 2-00 

3-00 6-25 12-50 

25-00 

PIS 

1-21 

1*21 

1-55 

1-99 

1*48 

1-36 

3-04 

3-25 

3*24 

5-48 0-19 

0-33 0 50 2 01 

2-44 

K 

m 

411 

430 

434 

430 

397 

60 

15 

' 8 

5 9 

16 40 80 

200 


The sligh; increase in PjS ratio from 0 to 1 % is obviously due to the decrease 
in pore space (S) being more rapid than that of permeability, caused by the swell- 
ing of the soil. At higher concentrations chemical action sets in, dissolving the 
colloidal coating of the soil particles and thus there is a sudden increase in the 
pore space and the P/S ratio shows sudden decrease (at 2%). "It is also interest- 
ing to note that changes in the values of AV which should be -a function of the 
capillary ascent, for the different concentrations, are in close agreement with the 
changes in the observed values of capillary ascent of solutions of sodium carbonate 
of different concentrations, given in Table VI. 

4. Alkali soils and their reclamation. — It is well-known that there are 
large ai'eas of alkali soil in our country where no crop can be grown because of 
the presence of too high a concentration of salts in the soil and because these soils 
are impervious to water, it is not possible to leach out the salts and render such 
land culturable. It is also known that in all such cases sodium carbonate is always 
one of the salts present. The effect of sodium carbonate in making soils impervi-,, 
ous to water is also well-known. As early as 1939, Puri’^ had shown that a lining 
of sodium carbonate along the beds of canals prevents the seepage of water. 
Neverthless, as the result of the intensive experiments described above Ramdas 
and Mallik were able to give a clear picture of the exact way in which sodium 
carbonate makes the soil impervious to water. It was shown that sodium carbo- 
nate brings about a swelling of the colloidal coating of the soil particles. At 
very low concentrations (upto 0-03%), the incipient swelling merely reduces the 
diameter of the soil capillaries thus increasing, though ever so slightly, the capil- 
lary ascent. With further increase in the concentratimi (0-03-2'00%) of sodium 
carbonate rapid increase in the swelling takes place which brings about the 
choking up of all the pore space, making the soil impervious to water. At 
still higher concentrations (2-25%) chemical action sets in and the swollen colloi- 
dal mass gets dissolved in the strong sodium carbonate solution so that only the 
mineral pores of the soil particles are left and the soil becomes porous like sand, 
allowing free movement of fluids. 

Having obtained as clear and complete understanding of the various effects 
of sodium carbonate, in soils, the workers at Poona turned their attention to deve- 
loning methods for the reclamation of alkali soils by restoring the permeability and 
thus making it possible to leach out the salts. Ramdas and Mallik*'' showed that a 
solution of sodium chloride restores the permeability of the black cotton soil,' 
rendered impervious by sodium carbonate. They also found that the naturally 
occurring alkali soil of the Punjal) known as “Bari” although impervious to water 
is pervious to a solution of sodium chloride. However, it was found that the 
restoration of the permcaliility liy sodium chloride solution is only temporary and 
t;ven after the alkali soil is thoroughly washed with sodium chloride solution it con- 
tinued to remain impervious to water. 


Extending the invesugauons further, Katti’6 studied the e/rcc.(s of diflercnt 

chloride solutions on the permeability of alkali soils. He found that those chlorides 
whose corresponding carbonates are insoluble in water can restorer (h<- ixu nieahilitv 
of alkali sods permanently U., Calcium, Stroutium, Barium and Maancsiuni chlo- 
rides were found to restore permanently the permeability of alkali soils^. 

The values obtained by Katti’^ for the percolation of water throuch -i 
column of ‘Bard (alkali) soil of the Punjab after the soil was leached by solutions' 
of different chlorides are given in Table VIII below : 

TABLE vrir 

Percolation of water through 25 cm. layer of the ‘Bari’ soil treated with 
Time— — _____ 


Water 5%LiGl 5% NaCi 5%KGl 
Soln. Soln. Soln. 


5% 5% 5% 

NH^Cl CaCU SrCljj 

Soln. Soln. Soln. 


BaCl, 

Soln. 


Soln. 


1 

0-1 

10 

10 

10 

2 

0-2 

15 

15 

15 

3 

0-3 

17 

16 

18 

4 

0-4 

18 

17 ■ 

20 

5 

0-5 

19 

18-5 

22 

6 

0-6 

19-5 

19-0 

23 

7 

0-7 

19-7 

19-2 

24 

8 

0-8 

19-9 

19-4 

25 

9 

0-9 

20-1 

19B 

2G 

10 

1-0 

20-3 

19-8 

27 

12 

1-2 

20-5 

20-0 

28 

14 

• 1-4 

20-7 

20-2 

32 

1-6 

1-6 

20-9 

20-4 

34 

18 - 

1-8 

21-1 

20-8 

36 

20 

2-0 

21-3 

21.3 

37 

25 

2-5 

21-8 

21-5 

41 

30 

3-0 

22 -.3 

22-2 

45 


It will be seem from the table that ai r 771 

lation of water was only 3-0 c c in soil nrevionslv ' ‘‘'P 

Hgh a, 900 c. c in .ha cL of ,he »il "f ' • 

bariimi chloride and 760 c. c in soil treated witl. If- •solution ol 

that by treatment with chlorides of caleHr ^i 

the ‘Bari’ soil, normally impermeable becomes >»=k9H-sium, 

that the sodium carbonate present in the ‘Bari’ soTr^HVwithdu’d ‘I '*'7''’"' 
mg corresponding carbonates which being insoluble re-7 7 <Monclvs Innn- 
effect when water is added to the soil which 7 i77 ’■‘‘'Y'' ‘“'y Inrlher 

Thus there is no swelling and no rhbking un of the contains sodium carbon, -uio. 
movement of water is not obstr^ted Tw\, l P^rc sjiaee so that (|w free 

can now b. freely cashed oTa“7d ^ 

seen thus that by treating alltali soil with chlorides^ iilw «''’"“K."<’l>s- li is 
or magnesium and then washing out the sodlim, eh ■ «lf>wU"in. liarium 

be quickly reclaimed. Taking into SiLTdeSr tl7 

be most economical to use calcium chloride for this purpose. i' would 
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Pot cAilture experiments with ‘Bari’ soil conducted at the Agricultural 
Meteorology Division at Poona have confirmed the above method of reclamation of 
alkali soils using calcium chloride. 


It may be of interest here to recall that the use of calcium sulphate (gypsum) 
for the reclamation of alkali soils is well-known from quite a long time. However, 
it is certain that in view of the high solubility of calcium chloride, the use of this 
salt instead of gypsui^ will make the process of reclamation very much quicker. 
The present writer hopes that the metixod of reclaming alkali soil with the help of 
calcium chloride will be considered to be well worth trial and field experiments 
will be conducted by Agriculturists in India in the near future. 


In conclusion, the present writer wishes to express his sincere thanks to ali 
the workers at Poona whose results have been made used of in preparing this 
article. 
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SOIL AS AN ENGINEERING MATERIAL 


By N. K. PATWARnilAN 
Central Building Research Institute, Roorkee 
(Communicated l)y Prof. S. Gliosli) 

R‘‘ceived on 17th Moi'emher, 1954 

With the development of science of soil, in addition to (he single value <^ons(ant, 
other physical constants such as Atterbergs limit (liquid and plastic- limits) soil slirink- 
age, and Proctor’s value has been found out. 

, of soil have been made use of in the eleelro-osuiolic 

stabilisation of soil which has been receiving particular a.ltentpiu for stabilisiiPl 
naturals slopes and excavations in fine grained soils. Ri-ologlcal pn.perti -s of 
cohesive soils have been found to give a practical solution to ilic foundation pro- 
blems m preference to other soil mechanics (e.sls. In tin- manufaclare <,f hricks- 

and tiles also the plastic properties of clay.s influences the proe,-ss to a considerabri' 
extent. » 

'nincrals ,nrs<-nt in tluun. 
the?S an.L^^^^ Characteristics mentioned above. X-Ray dillVaction and dilferenlial 

nositTons determine its nuju-rologicnl com- 

positions which in turn governs the physical properties of soil to a gn-at extent. 

UtILI7iATTON of soil 

comes^bcorn^SwiVTwoV''^-^^ material. The moment it 

comes m contact With water Its Strength decreaf-cs con^derahlv on neenuni or 

lubricating action of water molecules round the S >7,1^ M 

theSlTcoSdTlvdd^^^^^ -'I H'ass wher<.i;y 

‘ p' ■" - 

of suitable size, e.g, 16" x W" x 8" 'v ''><'> I'lorks 

after war year^, to meet the scarcity hofs’ htnisinji la liielat (tnniif; titi l 
to speed ap building coustrue.iou usfng s.awSTmp'«"d »"f 

Cement STABiLTSArroN 

riy woTk In A?/field^u“ ^^'™d on, extensive resea- 

■ ■*< has been shown that soils 
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which are not loo clayey a be successfully stabilised using a proportion of cement 
upto 10 per cent. Blocks of soil cement, besides standing up to weathering tests 
give a comOpressive strength as high as 1000 Ib/scj. in. after seven days of during. 
About 400 liotises have l)een built in 12 different places in Punjab for the refugees 
from Pakistan, using this technicpic. 

BrTtTMF,N STABILISATION 

Bitumen is another well-known stabiliser. Tt imparts a water-proofing pro- 
perty to tht soil. Tt is used either in the lic|uified form, as a solution or as an 
emulsion. A good nmber of houses made with soil blocks stabilised with bitumen, 
named ‘^bitudobe,’ have been constructed in the agricultural areas of the U. S. A. 
Sand bitumen carpets have been used extensively during World War If as a base 
for the air-field runways. Kutcha house constructed by Punjab P.W.D. at 
Hirakuud with soil bitumens plaster has come out efficient to withstand weather- 
ing effect. 

Other stabilisers 

Some industrial wastes like sulphate lic[uor from paper mill have also been 
tried with partial suca^ss. This institute has met with success on laboratory scale 
in lime sludge which is another waste from sugar factories ; nearly 2 per cent of 
this material mixed with 3-5 per cent, of commercial sodium silicate stabilises 
the soil eifectively. 

Water-Proofing treatment and renderings on walls 

Among the water-proofers, soap of fatty acids such as sodium stearates have 
been used. Vinsol resin and soil stabilising oil have also given satijfactory results. 

Application of suitable plasters on stabilised soil walls is not very easy, as 
the wain and cement do not adhere owing to the diversity in the nature of the 
materia. Surkhi plaster has successfully been tried on such walls which is 
reported to have liehaved satisfactorily without being detached from the wall 
surface. Bitumirused ]()lasters are also used, but owing to their block colour 
tliey arc not very poi)nlar. When katcha liricks are used the bottom- portion 
(one or two feet) of' the wa.U is usually built in pucca bricks. It has been 
observed that in ai’cas where good ffuality liricks are available at a reasonable price 
say e, g , , Rs. 25/- 30/- per i,0()(), the stabilised wall construction does not pay but 
proved economical in places where the cost of ordinary bricks are about Rs. 
60-70 and where rainfall is more than 15-20". 

Foundation on Expansive Clays 

Foundations in alluvial soil and in soils where the sound rock is available 
near the ground level, normally no difficulty is experienced in the building of 
of the same. .However, the problem is quite different and complicated when 
the su1)slratum consisls of a liighly expansive soil which swells in rainy season 
and shrinks in dry season. Many a building have cracked as a result of this. 
Suc.h failure in l>uilding construction is mostly due to unecjual settlement of 
foundation. Tn South Africa, Australia and certain parts of America, where 
similar clays are found, considera1>lc research work has been carried out on 
the foundation ])r<)blcms. This Institute has set up two field sites, one at 
Ii<)shanga))ad and oilier at Indore, to record the vertical movement of ground 
at various depths and locate the depth at which the movement of ground is 
negligible. 
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Bricks and Tilrs 


Clay, particularly burnt clay, is one of the oldest of huildin.^' inal(U‘ia!s and 
ranks \^ith timber as the most widely used. The clay, wIkui W(^11 burnt is most 
durable building material known and has many other advantage's siu'h a,s 
dimensional stability and attractive appearance, over many ol’ its modern com- 
petitors. About 500 corores fired bricks are maufaelun^d in India annually in (lie 
organised brick fields. 75 % of this total output is produce'd in th<* north 
where very suitable alluvial soil is available for making brieiks. 

Recent work has shown that burnt clay can I )e vised in building in lU'W 
forms and it is certain that, provided the industry is pre])ar(^d to adapt itsedC 
to changing conditions and to take advantage of the results of resinirch, (*la.y 
will remain one of our most important building materials, iiowc'viu' sucdi 
developments required a detailed knowledge of the properties ol' tlu' clays. 
Developmental work carried out at this Institute has brought out th<^ following 
results : 


{a) By suitably modifying the mechanical composilion ol* ( h(' raw nuiKnhal 
the shrinkage can be controlled to a conskh'rahh* ('xlcml. By I Ins 
method, it is also possible to get liricks ol' liigh crushing rcmgth <>!*♦ 
say 7000 lbs. per sq. in., as against ordinal y Indian hric'ks whic ii liav(^ 
a strength ranging from 500 to 2000 fbs. p(‘r nq. in. 


{b) Preliminary trials have shown that, in the bricks mad(‘ of black cotton 
soils of the Bombay-Deccan areas, the cnisliing slrtmgth dc.cs not 
change much over a wide range firing i,cin])(:ra, tuna It apipcars that 
the firing of such bricks can be xnade at l<)W('r tiaigii'raniia s and wiib 
fuel of less calorific value or with a lesser (juan lily of fmh. Improve- 
ments in the strength could be ; elTccted by grinding the blank laittton 
soil for 2 i period of 1-2 hourly in edge rumu'r mill. (Grinding alim* 
incorporation of certain amount of coal ash also inrprovt'd tin' proianl i('N 
considerably. ^ 


(c) The study of fluxes present in the Inick cartlis was also uu<hnlak(m. 
This may help in finding methods of preventing the wa.iping of brii’ks 
made of black cotton soil, during the firing ;proccss. 

{d) After laboratory experiments had been carried out siiccaessl'ully Sindri 
ash was used in small proportions as an ad:mixtur(‘ to tlu* uslial raw 
niaterial in actual production. Sucli Ixricks have btam lircal in ha'a! 
kilns under ordinary factory conditions, along with otlmr bricks in 
order to find out how the quality of bricks could he improved. 


(e) Textural diagrams have thrown more liglvt on tlie erreut j)ra<:li<-c oC 
selecting brick earths around Roorkee. For (lie alluvial soil an.imd 
Roorkee, inaximum strength obtained at 30 per cent each of silt and 

clay, when bricks were fired at lOOO^^'c. 


Further work on the improvement of bricks from alluvial 
irom black cotton soil track is in progress. 


soil a.nd blacks 


SURKHX 


Siirkhi-lime mortar 
construction in the last 


is very well known and has been used in hirgc scab; 
century in the major engineering works in this coniUry 
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e, g, the large network of canals in North India. During recent years owing to 
the construction of large river valley projects an impetus has been given 
to the use of this material and attention has been paid to its standardisation 
and quality control. The quality of surkhi uill depend greatly upon the minera- 
logical composition of the soil, the firing temperature and the particles size and it is 
hoped that it will be possible within a short time to lay down standards for surkhi 
made from each of the main groups in the country. 

Lightweight clay aggregates 

Certain clays and shales have the property of “Bloating” or expanding when 
burnt, at temperatures between 1000-1300^0 and by a suitable treatment it is possi- 
ble to produce an aggregate having a bulk density of one- third to one-half that of 
ordinary crushed rock or gravel aggregate, concrete made from this aggregate has 
a density of only from one-half to two-thirds that of concrete made from ordinary 
aggregate but the strength is adequate for all normal purposes. The use of such 
concrete in buildings and bridges results in considerable decrease in dead weight 
with resultant reduction in the cost of the structure. 

This work on lightweight aggregates is of very great importance to the build- 
ing industry. It is not generally realised that the weight of a multi-storey building 
is about five times greater than the live load for which it is designed. It has been 
found in U. S. A. that by using lightweight concrete for floors dead loads can be 
reduced by about 40 per cent, saving something like 20 per cent, in the steel 
required and reducing the overall cost by about 10 percent. 

Conclusion 

It will be seen from the foregoing short description that soil can find large 
scale use in the Imilding industry. However, it is desirable that a good deal of 
coordination exists among the soil workers whether in the field of agronomy or in 
soil engineering. Under the auspices of the Indian National Society of Soil 
Mechanics and Foundation Engineering and Central Board of Irrigation and Power, 
a good deal of work on the study of physico-chemical properties and mechanics of 
soil is being done. It is desirable that other soil scientists working on fundamental 
properties of soil arc also associated with this body so that they are able to 
help each other to solve the complex problem of soil science. It cannot be for- 
gotten that the pioncerring preliminary work to probe into the properties of soil 
has been carried out by soil scientists. The modern soil engineers edn always draw 
up all the available information and try to use it to meet their requirements. A 
body such as this would be in a better position to bring about this coordination 
between the soil scientist and the soil engineer. 
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SHRIKAGE limit OF SOILS 


By C. L. UHAWAN 

Irrigation and Power Research Institute^ Punjab^ Amritsar 
(Communicated by Dr. S. F. Mlti'a) 

{Received on 29th October 1954) 

The shrinkage limit of a soil, according to Knight ‘Lis the in()is(ur<‘ conKnu, 
expreseed as a percentage by weight of the oven-dried soil, at whithi a. nalucfion 
in moissture content will not cause a decrease in volume of tlu^ soil ina.ss, l>ut a.t 
which an increase in moisture content will produce an increase in tlie volume of (lie 
soil mass. It is calculated from : — 


where 


S. L. 

M-(V- Vo) X 100 

Wo 

S. L. 

~ Shrinkage liiiiil. 

M 

= M 0 i s t u rc i ) e r c c 1 1 ( a g*( ‘ < 


of the oven-dried soil, 

V 

= Volume of wc( soil 

Vo 

= Volume of tlic dry soil 

Wo 

= Weight of the c\'t‘n dri 


(i) 


waaght 


Fig. (I) shows the shrinkage curves of a few typical soils. 'rh(‘ sod ynhn 
nre plotted against the volume of water prescnil. ddumntH’luuiical an;i h sis of 
soils was as follows : 


\'l llllltics 
lll(‘ 


S. No. 

Soil Classification 

Sand 

f 

Slit 

•/ 

iT 

(Ihiy 

1. 

Sandy 


'Lb 

2. 

Sandy loam (graded) 

7()‘() 

Kfi; 

LM 

3. 

Silty 

LVOO 

(ifk.'i 

Ib-I 

4. 

Clayey (Bentonite) 

4'() 

H-(i 


A 1 the curves are parallel in the wet region and h:iV(; a sloix' <,r imils' ( )ii 
Turner dehydration, the decrease in soil volume is less il.an llu' volume (d' wiler 
evaporated. This inflexion indicates the point at which air enters l he soil The 
shrmkap in the lower portion of the. curve is called rcsidmd shrinka-r ns di.'’ 
tsmgmshed from total shrinkage (Haines^). TIic total shrinkage of ';;,ils ‘ 'v.u ies 
with the percentage ol the clay content. But the residual shrinkagimseems i. ,• 
dependent upon the hydration of the colloidal material, holli o g-anie and i - 
organic. This is confirmed by the clayey soil (Fig. I) having il,e gnvate • d 1 

^rmkage as compared with the other soils. Thcmdaycy s<>il is ^ Ik-, (Li L I v 

The graded soils according to Dhawaid for Kaolinitc type of soils is as foll.nv,! ; - ' 

Clay (particles less than '002 in.m.) ” n , ,y’ 

Silt (particles greater than '002 m.rn. lint less thai'i” " 

*02 m.m.) * j,) . 

Sand (particles greater than '02 m.m. Imi less than " ' 

2-0 mMi.) 
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The first part AB, A'B^ A"B", A'"3"', represents the stag'e when (hn'nnise in 
moisture is accompanied by an equal decrease in volunu'. I’lu'ndon' tin* eui'v<* 
makes an angle of 45° with the X-axis. The inter-section of tliis liiu^ drawn 
through the point of minimum volume represents (he shrinkage*, liinll (Mg. ] ). 

A glance at the curves shows that the nioistnre eont(‘n( below which ilune 
is no decrease in volume with the decrese in nioistnn* eonhml is (h<‘ poinl ;U w hi<'h 
the curves become horizontal to the X-axis, d’hendbre ihls poiiu should i’rprc‘S(*n( 
the true shrinkage limit and not the point ol)taincd as disensscal, in (In* pr'<aa*ding 
paragraph. The values of shrinkage limit as chni'nnlinul from (lie (‘(piaiion (i) 
will always be a little higher than the real vaJiu^s. 

From the above discussion, it is concluded that for the d(nerniina( ion of <*xn(’( 
value of shrinkage limit of soils, the curves b'i^tw-een soil \'olinnc and \’oluni(* of 
water or volume for It 0 gms. of soil ajid moisture ])ei’centa,ge should he plotted. 
The point at which the curve becomes horizontal rej)n‘s(‘nls (In* tni<‘ shrinkage 
limit of the soil. 


SUMMAKV 

(i) Shrinkage limit is tlic moisture, content at which ih<‘ cnr\(* Indwaa'n (h(' 

volume of water and volume of soil or inoistina* p<'r('<'n(ag(‘ and Nolnnn* <»(' soil ihu’ 
1 .. 1 - 1 • .1 ' ’ ' < » 


100 gms. becomes- liorizonlal 

(h) The values of sluinJcage limil as (Iclermined by (he vvcll-kuowu loi'nMil.'c 

S. L. = 


r (V - Vo) 

M - — TT— X 1(10 


Wo 


are a little higher than the true valves. 
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<d' water cuiUen( in soil" j. Agr. Sei, 111 : '.dHi-,') 1 I . 
3 Knight; H, Beinaid 1948 ‘‘.Soil Aleidiauies lor (Jivil Mngiuecr.s" p. 


t 54 ] 



MOVEMENT OF MOISTURE UNDER UNSATURATED PHASE PART L 


By C. L. DHAWAN and J. K. MALHOTRA 
Irrigation and Power Research Institute^ Punjab, Amritsar 
(Communicated by Dr. S. Ghosh.) . 

(Received on 29th October, 1954) 

Tlic rnovenicni of water lliroiigh the soil. })ores takes place cither by tlm 
action of gravity or l)y capillary Ibrces alone or in com])ination. But ihc^ type ol 
water movement is mainly governed l)y the dominance of the mo\ang‘ lorce. It 
may be discussed from the following two points of view : — 

(^) Mov.i':Nti':N'r in sA;ruKATF/D soils. — The water -moves in the larger pores 
under the action of gravity. It occurs in sufficiently large quantities to ol)ey the 
ordinary laws of h.)^draulics. 

(/;) Movfaiknt in llNSATt.niATKD SOILS. — This movement takes place primarily 
through capillary forces from surface to surface or in the small pores in the presence 
of numerous air-water interfaces and tlie dominant force in such movements is the 
capillary potential. 

The movement of water l>y capillary action has interested soil scientists for 
a long time. Keen'h Buckingham'^ Gardner’b Wollny-^, Loughridgeg Kingly and 
Harris and Turpin* studied various factores governing the capillary movement ol 
water in soil. According to the modern concept the rate of capillary how of water 
through soil is given by the ecjuation.* 

Q =r K Chaid i// 

wher(‘ “ Ma,ss ol* watt‘r which j)a,ss(‘s in one second ihrougli one square 
centimeter ol* an irnaginery plane })erpendicular to the direction 
of flow. 

K Capillary Conductivity 

Cxrad ^ = Capillary potential gradient. 

K depends upon the kind of soil, its degree of packing, temperature, and the 
moisture content. 

Richard® approached the problem of the movemeiit of water in an unsatu- 
rated soil from the principles of hydraulics. Another simple analogy is to compare 
the capillary potential with the thermal or temperature potential in the flow of 
heat through a metal bar. 

An attempt has been made in this paper to develop a simple equation for the 
soil moisture system in an unsaturated phase and to determine the value of K 
■experimentally. 



THEORY OF MOVEMENT OF MOISTURE IN UNSA'J’U RA'PEn SOU.S 

The movement of moisture may l)c rc;|)res(‘nte(i by a ,<^'(‘11 (‘ml ('<|ua.(i(m : - 

0.= K A-^ ... ,1) 

clS 

where Q, = Discharge 

A = Gross sectional area ol' liow 
M = Aloisture content 

^ measure of the force causing* tlu^ How. 
do 

The capillary potential (depends upon the soil type, terirperalurcy ils (‘ompaat- 
tion and moisture content. If the three former la(‘tors mv (ix(‘(b du' moisture* 
content becomes a measure of capillary potential. 

The general equation of moisture movement in two diimmtions in ',1, nnsatt ' 
rated soil is derived as follows :~~ 

I) 


lin<- oOlow and !;•(, A B .r:- S and A C . S ; ,ls 
DEGI' may be considered a small volume and (lie cr.is.s srciimmi u, -,. 
the faces represented by DE and VC. mav h- taken as A ' * ' 

lOhe moisture content at the face 'l)E at a (.-iven instant M 

Moisture content at the face hX; ; 

= M -I- G . d.S 

Where G = Moisture gradient 

~ "d^ diroctaon of (low at I) b'/i 

Discharge at the face DE fVoin the (>r|„a(ioii ,;) 

O A dhi 


= KA 


Discharge leaving the I'aee 1 ' C 
Q + clQ =.= KA (M a. (; 
Subtracting (iii ) from (ii) we get 
clQ. =KAd.S. 


KA . rlS 


as G 


dM 

dS 



Volume of soil within DEGF 

== AdS (Since A = Cross-sectional area 
and dS = distance BC) 

Thercror(^ tlie rale of change of moisture content within DEGF with tiine 
given by 


dQ^ 

dS 


- Jv A 


d'^IvJ 

dS'^" 


(From equation (iv) 


(V) 


or 


dQ, ^ j. dm 

A . dS . ■ dS"2 


... (Vi) 


This is the differential equation of moisture movement. 
One form of the solution of the equation is 


M 



f (S) 


Wlicrc 

f (S) is an arl)itrary function ofS. 

Expatiding the differential operator we have 


m: 


- f (S) -F Kt . 


dff 

ds“ 


d'f 

2 ! ' dS-' 


, Iv'’t=> d'T ^ 

+ - * 1 “ 

3 ! dS« 

Let VIS take anoilicr mode of allack 
We know 

Y* a ~iw 

J ~a. c dll = TT ?=• 

writing (LI — 1) for LI, where p h independent of U 

r a + 2 u 1 . dll 1-' 

J -a e = TT^ . c 

Applying this method for the solution of the equation 


dM 

dt 


= K , 


d‘‘'M 


d 

we have as liefore 


V Kt 


dx 


U = e '' •’ f (S) 

where f (S) is any arbitrary function independent of t 

Replacing 1 by K- 

in tin; foregoing formula in equivalent operators, we liavv 

-f 2 F KT d f ^ 
ii du ^ 




-ret 

TT J -a 

r 01 

^ J -a 






f (sq- d/*^ 


IS 


r 57 1 



Let S + 2 /J. K i t i = A, 
then ]N'I becomes 
1 

" 2lK 4 ir 1 1 i 


f“ 

J-oi 


2 (K^ 

Now f (a) is an arbitrary function, if wc choose to assuuu^ its vahut to Ix' 
zero everywhere except where A = t 
and then write 

f (a) d A = H We have 
H 


U = 


or K = 


2 ( K TT t )§ 

H 

2 V K tt t 
4 'H- t [K'i- 


4 K t 

IS a. ])a}ii('iilaj’ soIu( ion. 


A 


S" 


Which is of the form K = a . 

J +P i 

Because Ivl is the moisture content (‘xpnvssed a,s a. ))(n‘<aai (a,!X‘ <»f \oIunn* 

or weight. 

The al)Ove equation can also deri,v(‘d as follows : 


M + j). (IM 


:\I j). (IM 

AIoistore DfSTiiriunTON B)erwja-;N two tin* eross"L(Ma imial .irca 

of each cylinder be A, 

Thickness of the soil in the two cylinders <‘onipa,(‘te(l at (h<‘ same deiisiiv and 
temperature but different moisture content = S 

l‘he two cylinders are joined closely and the oilier siniata's are sea.le(l to 
protect them from the affects of evaporation* After the la})S(‘ of ti,iu(‘ 4\ tlu^ eylim 
ders are separated and the moisture contents are determitual separately in each 
cylinder. 

Let the final moisture content in each cylinder 
= Ad 4- p. dM and Af— p. clM. 

Initial moisture gradient between the centres of the two ('A4incl<‘rs 
^ (Ad + dAd)-(Ad-dAd) _ 2 clM 

■ s 's 


J S, M + c\M 

I S, M~dM' 

4 


i: 58 .1 



Final moisture gradient between the centres of the two cylinders. 


= (M + p. dM) — (M — p dM) _ 2 p. dM 

s " ~ - ^ 

Average moisture gradient during the time 1’ 

2 p. dM 2 dM \ dM 




S 


( id p) 


ButQ= K. A 4-^:^ 
dS 


Where 


dM 

dS 


Moisture grad ieii t . 


Substituting 

an average nioisturc gradient as calculated above for 
dM, 


dS 


0. = K . A 


dM (1 + p) 


S 


But the moisture content in either cylinder has altered by dM(l-p) within 
a time T 

Q, = X Gross-sectional area x thickness of the 


soil. 


or 


cx = A . S 


h.quating the values of (.^we get 

K yV = dM(l-^pJ ^ 3 

* ' S T ’ ’ 


or K 


I— P . S2 

i+p j 


Expertmentat, 


I'he I'ollowing liu'f^stlgation was carried out (i) ',fo detcrinln(‘. tlie value 
(if K for soils eonlaining va,rying ))Cr('<Mila,ges ol‘ clay. 

2 \ ty])ical Piinja]) soil conta,uung 1 7'0 per cent clay was dried, powdered 
and ])asscd tliroiigli a 2in,m. sieve. A known amount of moisture was added 
and tlie soil was well mixed in order to have a uniform moisturii all round. 
The inoistui’e content of the moist soils was determined and it was compacted 
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to a dry bulk density of 1*5 in a glass tube of alxnxl 1*0 inch, diajiK^lcn' a.nd 0*0'' 
long, while in another similar glass tube the same soil was coin|)a,c<<‘(l, nl tin*: 
same density but at a lower moisture content. The two tul>(‘s vvaaa* placaal la.(‘(' 
to face making a comlete contact. All the sides w('re \vaxe(l ( iironghly (o pr<'- 
vent any loss of moisture due to evaporation. 'I’Ik* tu])(‘s W(‘r<' in tin* 

horizontal position for one day after which (h<‘y were s<‘'()ara(ccl and !!ioisinr(! 
estimation was carried out. 


Discussion oi* Rjvstji/i's 

The following table gives the values of K r<)r tlie s()i(s (‘.()nlaining \‘ar\ ing 


percentages of clay. ' 


S. R. 

Clay (particles I^elow 

Averas^o valiio of K 

No. 

% '002 m. m.) 


1. 

17-0 

0-28 

2. 

9-0 

()-3(i 

3. 

6.0 

o-a? 


The value of K was comparatively smaller for a. soil eonlaining hiiyln^r 
percentage of clay. K represents the powen* of soils lo < iMusmil inoisiiinMnuler 
the given conditions. Gardner (3) has us(‘(l the t<‘rni ‘(la,()illa,rv (ransnnssion 
constant’ to denote the capillary conductivity of soils, lie has relatcal llus (anis- 
tant with the effective radius of the particles and (he porosity ol‘ (he soil, 

From the above discussion it may ))e inlenaal dial llu' movenunU of (he 
moisture in soils under unsaturated conditions is d(U(n‘min<‘d Iin- tin* driviny; force* 
or potential gradient which may lie expressed hy a. singh* Viilin* <'ons(*in( K. 
How the value of K is affected ]>y the diffetanU soil conditions is beino; <1 i:srn.sN(*<l, 
in a subsequent paper. 

Summary 


(i) A simple mathematical derivation of the tlu’or) of tin*. inov<*nn*nt of 
moisture under unsaturated conditions l)a,scd on (In^ pot(‘n(ial gradlc'nt has been 
developed where 


K 


= ^ -IP 

r+p * t' 


p, S and T having the signihcancc ex])Uiincd iji the paper. 

(ii) The value of K seems to l)c greater Ibr sandy soils as coin))ar<‘d 
the clayey soils. 
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A COMBINATION PIPETTE-HYDROMETiyR MF/MIOD FOR Tim 
MECHANICAL ANALYSIS OF SOILS (PC)lJaiIVHAq)R():Nlirri‘rR) 


ByM RIM 

Department of Soil Science, Hebrew University, Jermalern, Israel 

(Communicated by Dr. S. P. Mnsiiraii) 

(Received on 13th December, 1955) 


Tlie conventional reference inelhod of rncclninieai a.tmlysis of' soils is iIh' 
so-called pipette methoclb The draw-back of (he |)ip('ll(' nuMhoib wlii(di fias 
brought about the increased usage o(' hsss iK'curafc^ nielhods ba-sed mainly on 
hydrometer measurements in settling suspensions, is i(s inapplieabi*il \ (o use in 
field- laboratory work for mass-scale analyst's, siiunt <h'lieat<‘ and <*x[)( aisix a* etjnip- 
ment — analytical balances, temperature-con ( roll txl. drying ovens— art* need(*d. Idi* (his 
method. This excludes the use of the j)ij)<‘t(e nu'lbod in large soil sm v t'ys re(|nir(*d 
for land use planning and land- developmenl stdunnes, and (lu* inelhod has lu'en 
relegated te serve merely as a check-metliod. 


Experience with most soils of the Middle Ihist— whieli art* aJnnra invariabb 
calcareous, often contain gypsum and also on this at'couni ])resenl analyiieal 
difficulties — has shown thejmpossibility of any eorrt*la.(ion be(\vt‘t'n tin* siandatd 
pipette method and any method using dillerenl ])rin('ipl(*s, lutlably (h<* various 
direct- reading hydrometer methods. The nnison for this art* obvioinds' apari 
firom the mentioned difficulties — the various extremely ntni-rigortms assinupthnis 
involved in the direct-reading hydrometer ])rin(n])l(*,- The following, <*omph'(<*l v 
unpredictable errors are introduced wIh'U nnnisnring st'tlling suspensions b\' a 
directly inserted hydrometer : 


1. Ihe suspension is stirred and I iirl)nl(‘n(;<‘ is {'i*(*a((‘(i by (In* inserlion and 
by the subsequent motions of the hydromeler bud) within (be st'iiling; snspt*nsion ; 

2. ^ Ihe position of the hydrometer ])ulb within (In* eoleann of st*l(liin^ 
suspension, and thus the locus of the measured density, art* inid(dinaJ>h* ; 


■3. Settling soil particles accumulate on the shoulders oC Ifie hvdnumMcr hull) 
an las the true mading, or otherwise slide down conlinnouslv tir iiiletmilleiulv 
and cause turbidity convection currents” within the sedhncnlation <>(.lumn ; 

4 The space underneath the hydrometer hulh is dein'ivcd, ol' ovcr-lu-ad 
supply of settling soil particles; faring si-.ch nplcnithmeni (he d.nsitv of (he 
suspension there soon becomes less than the demity of the suspension surnuiadinv 

thehydrometer bulb or even ol the suspense n superjacent to the Imih ■ this .if 

course, leads to instabi ity and intermittent strong currents within the sedimmita’lion 
column as can be observed by introducing coloured indicators into the siisnensiou • 
smpension ^ sedimentation cannot take place in the presence of a liydrom.-ier in I’t 



The author has contrived to eliminate the abovc-iisted disadvantages of 
pipette and hydroincter methods and to combine their advantages by developing a 
special pouch- hydrometer to be used in conjunction with the conventional pipette 
method. Thereliy, the gravimetrical operations in the latter are eliminated 
altogether thus speeding it up and dispensing with the necessity of delicate labora- 
tory equipment and skilled technicians. A photograph of this cheap and easily- 
built device — the pouch- hydrometer — is shown in Fig 1 and a sketch of it in Fig. 2 : 
a description of its construction and operation is given in the following : — 



Fig. 1 Poru:T[ TTYDROMivcfiu 

CONSTRUCTfON Ol- 'I'Hr: ROOCIT-HYDROMI-TRR : 

This instrument is, in sonic way, ati adaption of the classical Nicholson 
hyrometer, used for the determination of ttie density of small solids without having 
redourse to balances. The author's instrument, however, differs by lieing designed 
to measure not the densities of the small sulimerged soil particles but merely their 
submerged weight. The accuracy of the author's pouch-hydrometer is the same 
as that of the Nicholson hydrometer and depends essenlially on the thickness of tlie 
hydrometer stem. Stems having a cross-section as small as 0*5 square millimeter 
are practicable., corresponding to a weighing — accuracy of 1 mg. i.e,, O’l % of a oiie- 
gram sample of soil or an accuracy of 1 % approximate when measuring suspended 
material in a 1/10 aUc:[uot part of a suspen ion containing a one- gram soli sample. 
This is many times better than the discrepancies erreountered quite usually — espe- 
cially with, local soils— -lietwcen results detained by common hydrometer methods and 
the pipette method. The stem, on the thinness and uniformity of which accuracy 
depends most, is best made from fine glass-rod or alkali-resistant plastic or stainless 
steel and inserted into the stem hole of the hydrometer bulb, plugging it hermeti- 
cally. A scale is later engraved on it and the whole stem covered thinly and 
evenly with a water repellant. 



The bulb 
lire best bhnvn 


oulb and pouch a 
the hydrometer foi 
into the stem hole ii 
ensure upright floa 
With paraflin wax 



within tlie bnlb which by trial is found to force the floating hydrometer Into up- 
right position and caked permanently into this position by slightly warming and 
re-cooling the bulb. Just enough taring . meterial is introduced during this 
operation to make the scale of the hydrometer read zero when the instrument is 
floating in clear soil dispersion solution with nothing but this liquid in its pouch. 
Care must always be taken when inserting the hydrometer into a liquid that this 
liquid enters the pouch and fills it completely so that no air bubbles remain 
anywhere in it or adhere externally to the hydrometer bulb. 

The grading of the hydrometer’s scale can be done in such a way as to render 
direct readings of percentages when carrying out routine analyses : The 
exact amount of soil used for each analysis — say one gram or more— is dispers- 
ed and the usual aliquot portion of the stirred-up suspension (25 c. c.) pipetted 
into the hydrometer pouch. Taking care as before to have all the remain- 
ing air in the pouch expelled on immersion, the thus loaded hydrometer is 
ploated again in the previously used clear soil dispersion solution. The reading 
this time gives the upper end— 100% — of the scale, which then is proportionally 
subdivided. It is the essence of this rnude of hydrometer use that no mo- 
tions whatsoever of the soil particles whithin the suspension can bias the 
reading of the hydrometer. (This L true, of course, only as long as the operator 
avoids creating so strong turbulence in the clear external liquid that could pull 
the soil particles out through the pouch-entrance). 

Mode of operation : 


A soil suspension is prepared as prescribed by the original pipette 
method or according to one of it newer versions emplo>ing modern dispers- 
ing agents, and permitted to sedimentate. As in the pipette method, after 
prescribed time intervals samples of the suspensions are drawn from a given 
depth in the column by means of a pipette (25 c. c.). From the pipette these 
samples are now released into the pouch of the hydrometer which is then 
floated with the familiar precautions in the clear soil dispersion solution. 
If the same conditions as during calibration (see above) have been observed the 
hydrometer reading indicates directly the amount of material suspended in 
the pipetted volume, expressed m percentages of the total. Generally, the 
amount of suspended material contained in the hydrometer pouch can be 
calculated from the observed dip of the hydrometer scale by the formula 


Dvv— Do — 


W + V(S,n~-Sc) 

r^TrSc 


where' Do and Dw stand for the dip of the hydrometer stem with pouch empty* 
and loaded, respectively, 

W is the submerged weight of the suspended soil inside the pouch, 

V is this volume of suspension pipetted into the poucb. 

Sc and Sm are the densities of the clear dispersion solution and the actual 
suspension medium, **) respectively, 

and r is half the diameter of the hydrometer stem. 

As seen from the foregoing, results obtained by the gravimetric version of the 
pipette method and results obtained by the described pipette-hydrometer combina- 


* /. <?., containing only clear solution, 

** If a suspension medium different from that used during calibration is employe i. 
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tion method of necessity must be identical. This is indeed always found 
to be the case. Differences could be theoretically possible only for soils (In* tneeh- 
anical fractions of which would differ extremely with respect to tiuur tnn^ (hmsitic^s, 
since in the gravimetric version the dry-weight percentag<^ rehuionsliip l)etwe(*n tiu: 
various fractions are determined, whereas in the eonibination method sub- 
merg^-weight percentages axe determined. The di(]ereuc<‘S of trtK* d<u)siiy 
between the mechanical soil fractions in normal soils ar(^ much too small to 
make themselves felt by causing discrepancies Ixctween (he two vtu'sions of the 
pipette method, the one using balances and drying etjuipment, tlu^ otlnu' 
one — described here — wet-weighing by means of the pouch hydrojneter. 
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HARDENING OF CLAY 

By C. L. DHAWAN, R. N . SHARMA, B. K. HANDA and KHAZAN CHAND 
Irrigation and Power Research Institute, Punjab, Amritsar 
(Communicated by Dr. S. Ghosh) 

[Received on 30th November, 1954 ) 

^ The soil is essentially a disperse system, in which the dispersed or soild phase 
consists of particles of varying size factions ranging from colloidal state to the 
coarser ones. The colloidal behaviour of very fine soil particles makes the inter- 
action between the solid and the liquid constituents sufficiently corfiplex. Terzaghi"^ 
has reported that ‘‘if a sample of a very fine soil fraction is thoi^oughly disturbed, 
it acquires cohesive strength)* first at a fairly rapid rate and then more and more 
slowly. If the sample is again kneaded at unaltered water content, its cohesion 
decreases considerably, but, if it is once more allowed to stand, its choesion is com- 
pletely regained. This phenomenon is known as thixotropy, the softening and 
subsequent recovery seem tOid^e due tothedestructionandsubsequenti'ehabilita- 
tion of the molecular structure of the absorbed layers.’’ A Casagrande^ ► pointed 
out that the consolidation chasacteristics of undisturbed and remoulded clays 
differed greatly. It was also ob^^erved that at given pressure the void ratio of 
the undisturbed sample exhibited higher value. ^ During the investigation of 
land slides, the Swedish Geotechnical Commssiom'’^ experienced the above 
phenomenon of decrease in strength of clays on remoulding at the same density 
and moisture content. 

Remoulding is considered to break down the highly complex structure of the 
original material. The earlier scientists did not reab'se its importance, that when 
soil is removed from a bore hole, something happens to it. Oresto Moretto* 
concluded that the remoulded soils began to regain their lost strength when placed 
for a certain period of time at an unaltered moisture content. These observations 
have great effect upon the stability of the embankments and other allied engineer- 
ing works. In view of the great practical importance of this phonomenon, a de- 
tailed study was carried out in order to examine the vaildity of the above observa- 
tions and to investigate its cause. 


Experimental 

The following experiments were carried out : — 

] . The first experiment sought to determine the compressive strength and 
slaking of undisturbed and remoulded soils compacted at the same natural density 
and moisture content, both in the wet and dry conditions. One inch cube soil 
blocks were taken in l^oth the cases. 

2. 'The 2nd experiment related to the effect of age on the regain of com- 
pressive strength of compacted blocks at T6, 1-7, and T8 dry bulk densities and at 
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8-05; 10-0°/, 12'0^, 14'0%, and 16-Oi; moisture content. The soil blocks were kept 
in sealed jars containing soils of the same moistim; conlent ;U which tlie blocks 
were compacted. An average value of tlu; compressive slreiiglh of live bhx'ks 
was taken at every time. The compres.sive strength of soil blocks w;i,s (lelermin’ 
ed by the cohesion machine (plate 1). The slaking tijne was IViund out by noting 
the time taken by the complete disintegration of the soil blocks ])hicc(l on a. wire 
gauze in water (Fig. I). 

Plate I 



Cohesion MEcnitNu. 
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The compressive strength and the moisture content of the soil blocks kept at 
varying moisture contents in sealed jars were determined after one day, one week, 
one month, three months, six months, and one year curing. 


Fig I 

An apparatus for the determination of slaking of soils. 



The mechanical analysis of the soil used in the second experiment was as 
follows : 


Clay (Particles below 0'002 m.m.) = 17*6 % 

Silt (Particles greater than 0*002 m.m. but less than 0*02 m.m.)=18*l % 

Sand (Particles greater than 0*02 m.m. but less than 2-0 m.m.) =64*9 % 

pH =8*0 

The soil was predominantly kaolinite. 

Discussion of results 

A perusal of the results showed that the compressive strength and slaking time 
of undisturbed soil samples (both in the wet and dry conditions) were greater than 
the remoulded samples (Table T). Secondly the remoulded samples regained 
strength even up to one year curing (Table II). The moisture content practically 
remained constant even after one year curing. 
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TABLE I 


HARDENING OF CRAY 

COMPARATIVE COMPERSSIVE STRENGTH AND SIAKINC. TIME OF 
UNDISTURBED AND DISTURBED SQIT, SAMl'EES 
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U 

C/3 

” .ti 

c/3 

d 

Q ^ 

^ o . 

CQ t 

•> 

Undisturbed 
Samples 
Compressive 
strength in 
Pounds/Sq. inch 

Time of Disinteg- 
. ration in Seconds 

Remoulded 

Samples 

Compressive 
Strength in 
Pounds/Sq, inch 

Remoulded 

Samples 

At same Afoisture 
and Density Time 
of Disintegration 
in Seconds 
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^ r-» 
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5 4 

Wet 

Dry 

Wet 

Dry 

Wet 
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1 )uv 
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47-4 
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1-63 

114-2 

154-6 

39- 1 

40-4 

3-4 


51-2 

58*2 


39-2 
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1*7 
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■1 • • 
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12 
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18-() 


ri5-0 
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• • • 
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18()-6 

« » p 
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il 0' 
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128 0 
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1 1 8-0 
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16 
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12 0 

66-0 
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1 29-0 

1080-0 


225-0 

18 

18-0 

1-67 

22-0 

113-0 

9110-0 

129-0 

1 () 0 


1 00-0 

839-0 


120-0 

19 

18 0 

1-70 

22-0 

140-0 

1128-0 

190-p 

16-U 


1 30-0 

956-0 


175*0 

20 

19-0 

1-61 

16-0 

90-0 

620-0 

119-0 

8-0 


78-0 

565-0 


105*0 

21 

19-0 

1-63 

18-0 

111-0 

875-0 

i65'p 

14-0 


104-0 

836-0 


149*0 

22 

20-0 

1-66 

14-0 

20-0 

765-0 

80-0 

10-0 


78-0 

605-0 


(;o*o 

23 

20-0 

1-67 

10-0 

88-0 

640-0 

60 0 

10-0 


88-0 

58)-0 


(i0*0 

24 

20-0 

1-77 
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(iO'O 

25 

21-0 

1-60 

14-0 
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4-0 
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26 
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1-7 
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14-0 
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80*0 

29 

30 
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106-5 


180*0 
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It was very interesting to observe that the compressive sircnglli of* all <he soij 
blocks was maximum in the case of blocks compacted at nioislun^ coiUcmt hetwemi 
10*0 7 and 12*0 %, the optium moisture content being 1 1 *(>5 H im^ajis (ha.l this 
moisture content" allowed the compactive force to arrange the fines (dlHnvntly into 
the voids of the correspondingly lai'ger grains and n'sidtial in inaxinnnn shxmglb. 
For every soil there is a special moisture content a.t wliieli its (hnisify is nnixiinunn 
This moisture is known as Optimum moisture contmit. 

The question to be answered is ‘'Why the undisturbed sa.nr,)les or ihose ke))! 
for a certain period of time at constant moisture contimt give grteitm* compri'ssivc' 
strength than the remoulded ones.” 

Terzagi® is of the opinion that the strengtli and rigidity a.rc axujuired pre- 
viously by “slow physico-chemical processes,” which are due to the surfa.C(^. aidivity 
of the mineral grains. As a consequence of its surface activity, ca<'h (ia,y particle 
is surrounded by a shell of particles and is quite viscous willun a. soninwlnit gr<*at<"r 
distance. During sedimentation, the mass of clay consolkbih's, the solid |)a.rts of 
the water shells may come into contact and merge at a iniinlxu’ of' 'points in tin’: 
clay mass and, as a consequence, the mass becomes stiff. Rinnonlding brcaiks the 
contacts between the sold water shells, disjilaci^s iIk^ grains, a,nd introdn<*rs visianis 
adsorbed water between them; where uj)on tluMday Inuamu'S plastiiv “A ( asa,- 
grande^ proposed a theory according to which, (he <day j);u (i('Ies S(n (h* during (he 
process of sedimentation into a definite arrangennmt (‘a,l Ital, (lu* clay stnninrm 
His conception of the structure is that of a coarsii grain(*d ski'h'lon cmuimted 
together by highly compressed clay whose intersticics n\v filled with soft <da.v/' 
Casagranade further states that the building iq) of sindi a. struct nre is chiedly 
dependent on the exceedingly slow process ofnaiuraJ scuUnnuit ation and c<msolida.- 
tion. • 


The results of compressive strength and slaking tinn^ both in (In* win and <liy 
conditions (Table I) also indicated that remoulding csnild not arra.ng*c. the different 
size particles in the manner formed by age hi the easi^ of nndistnrlKul sain*{)les, 
Age has definitely produced a special palterin Tlu‘. elle.et of tinu' is, (Inurfonn of 
great significance.^ The results of slaking time also aJlbrchal an adilitional (nddenee 
to the above view point. The time of disintegration of (h(‘ wan and dry blo(*ks <>1' 
remoulded soils, being comparatively less than the undisturbtal om^ showed (dearly 
the variability of the solid structure in the two cases. 

Regarding the conception of thixotropic/' phenomenon, tins takt'S place in 
montmorillonite type of soils i.^., Bentonite. The soils nstal lor this study wana: of 
Kaolinite type. Therefore the question of thixotropy, being ibe dominant lacnor 
in increasing the compressive strength does not seem to hokl good in tins tanan 

' In this connection the theory outlined by BarlKrr*^ merits a(t(mtiom .He stares 
that the distribution of moisture may have consideralile elfecl on tlx* sliamgtlu Jn 
Table II are presented the results of the C(nnpressive strength of soil blottks cniattl 
for varying periods. As stated under “experimental” these blocks wnv ktrpt in jars 
containing soil of the same moisture content as that of llie lilocks. Thuiadbia' (In^sr^ 
blocks were not under any static or dynamic load whiidi could jiroduct^ any (diange 
ini the structure during the period of observations nr?., oiui ytmr. But the results 
showed that there was a gradual increase in the c()ni])r<vsslv(t strength ('I'aJ>l(‘ 11). 
This means that with time there was more imiform distrilnil Ion of moist nix* a.ronn(l 
the solid particles, which gradually increased the C'ompressivi^ stn'iigtlu It is a 
matter of common observation that the strength is always at its winik jim(!lnr(*. ff 
the moisture film is not uniformly thick around the soil particles, whlcli can be 
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j 30 ssible in the case of freshly compacted blocks, this would naturally result- in lower 
strength as compared with blocks which have been stored at constant moisture 
before testing due to the equalisation of the moisture film around the particles, 
with age. This factor contributed for the lower strength and lessor slaking time 
in the case of remoulded samples. On drying unequal stresses were produced due 
to the non- uniformity of the moisture film, hence lower strength and lesser slaking 
time were exhibited by the remoulded samples. 

The al) 0 vc results have special significance in the construction of earth dams 
and embankments, as the bearing capacity of the compacted fills will increase 
gradually with age. This factor should be taken into consideration during the 
desigia of earth structures. 

Summary 

{i) The compressive strength and slaking time of the undisturbed soil samples 
are greater than the remoulded samples, compacted at the same 
natural density and moisture content. 

[ii) The compressive strength of the compacted samples increase gradually 
with age, sometimes more than 100*0%. The reason of the increase 
in compressive strength with age may be due to more uniformity of 
moisture fiirn around the particles. 

{Hi) The maximum increase in the compressive strength with age it observed in 
soil blocks compacted at the Optimum Moisture Content. 

(fy) The main reasons for the lower strength in the remoulded satnples may be 
due to the non-uniformity of moisture films around the soil particles 
and the different particle arrangement from the natural pattern built 
with age. 
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A GENERAL REVIEW OF THi: EFFECrr ()!' I)R^'IN(; ( )N 
SOIL propi:r'1’ii:s 


By G. K. Z1':NDB 
College of Agriculture^ Dhanvar 
(Gominiuiicatcd by Dr. IL L, Nif^iiin) 

{Received on 7 ih December, 19:71) 

The efiect of drying on soil properties has ))een a snbjed ol' sliidy foi’ very 
long time, Gustafson (1922) and Steenkanij) (1{)28) Ix'sidc's odu'rs, iuiving i(‘vi('\v<'(l 
the work on this su])jecl, almost two d(‘('.a,d(^s a, go, 'I’Ih' r(n^i(‘W in <in(‘slion r('lVrr(ut 
to a period when soil science had not devcIojXHl. During; tin' Inst two (hnnnbss, 
many of the^ old ideas have giv(m |)lae(‘ to m‘w oiu'S. New tlnnn i(\s U.w r f>e<n)' 
developed which incidently make tliv. old inrorma.(ion very eoninsing, and ubsoiete, 
An attempt has been made here to link llie old and n<‘W Icbnis loiwi \^r\icr under- 
standing of the subject. For the conveiuvnee of dis<'nssion, the s{d»)(*et is <ieaJl 
with under five different heads. 


The EFi'EGi or drying on 'rui'i muikobiai, eomi.iVrniN. ( In' ( hanges in tin* 
biological make up of the soil consequent trpon drying hn.V(^ \)vvu vrry cKiensixadv 

III KUk-.' (I!K) 7). \V;,ks,na.i and Sluikrv 

(1923), Allison, (1917), Lngbcrdmg (Wiiksnuin 1952). 

Allison found that lIic soil cJiangod hlologicaJly lo a marked rM<mi diiriii!.- 
Storage in the laboratory. Compartul to a, fiarsh sa.mpl<‘ bronghl froni tlie Ireltf 
the sample stored for two hours in the winter seas(>i) sirmaul a (b-ludte det reas(* 

of 30 to 40 in the bacterial count as a resuU of storage. 1 lowci'cr tin- rilci i oii 
soil fungi was not so marked as on the otlicr orga,ni;sms. bcbcdiaul/cv ( l9‘' l i 

reports similar d^ressing effect of drying on llu'. microliial poimlation ol' iho soil 

Mortenson and Duley (1931) in their studies on a sandy Imlm'soH fo:,,,,! a Uv..;;.;!: 
!f bacteria alter sun-drying. J'lic .sun-di'icd .smiijrlc showed .|()(j {)()() 

organisms per gm. of soil as agam.st 5,450,000 in (In- fresh soi . 'fhere ar<- oihci' 
investigators like Liigberding, who did not oliscrvc anv dilleren.'c in ,h • , 

Moisture content of the SO ib% moisture 22-7 l-bl 1()'0 

Total bacteria m the soil thousands/gm. 25,280 iO’dlO 11*8<)0 ()*ono 

. According to Khalil (Boken 1952) almut 20 7 of ih" In r 

m the soil after it had been air-dned to aliout 5%' moisture content ' 

The increase in the electrical rondneiiviog.C 
been suggested by Asthosh .Sen (1932) as an itidel- i.f d eir *' V ■' 

IS caused as a result of enhanced Inctcri'd • t 
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air-drying l)roiight about a marked increase in the total soluble salts In a waterlogged 
soil. The increase varied from 23% to 150 % in the two soils. The nature of these 
salts was not studied. FTall noticed a marked increase in total soluble 
salts in four soils dried for about 5 months. Coles and Morison (1930, 1932) 
observed a considerable increase in the amount of ^vater soluble substances in an 
air-dried soil. Tliey found an increase in the water soluble Ca, K and PO,i. Mor- 
tensen and Dulcy (1931) studied the eliect of drying on the amount of water soluble 
calcium and found that it was doubled when the soil was air-driecl in the sun. 
Whitney and Cameron (1903) studied four soils and observed that drying of the 
soil affected the solubility of PO 4 , NO 3 , K, Ga and organic matter. Some of 
Whitney and Cameron’s results are given below : — 




P. P. M. of oven dry soil 



Soil 

Condition PO 4 

NO 3 

Ca 

K 

Black clay 

Fresh 

8-6 

7-1 

7-8 

15-2 


Air-dried 

9-6 

- 8-5 

12-7 

21-9 

Truck soil 

Fresh 

6-7 

23-6 

10-3 

16-4 


Air-dried 

10-4 

30-2 

15-5 

20-4 

Mount pleasant 

Fresh 

9-1 

2-3 

20-6 

11-2 

Soil 

Air-dried 

11-9 

3-6 

33-0 

1 1 -5 

Wiklander 

and Hallgren (1949) who studied the effect of dry 

inff on the acetic 

acid soluble P 

in Gyttja 

soils, found 

a pronounced 

decrease in the acetic acid 

solulde P in the 

sub-soil on drying. 




These results arc as under : — 




Depth in indies 

Soil pH 

P extracted bv 2*5% 

acetic acid 




mg. P 2 O 5 /IOO gm. dry soil 




Undried 


Dried 

0-20 


7-56 

28 


19 

30-50 


4 ’ 6 

8*2 


. 1*5 

80-100 


4*()6 

8*03 


1-3 

120-140 


4-36 

57 


15 

160-180 


7*7 

103 


27 

200-220 


7-9 

101 


30 


The above results refer to the soils which were under water-logged conditions. 
It is well-known that under such conditions iron in ferrous form is the prominent 
ion. On dehydration the ferrous iron gets oxidized to ferric state and as the 
latter has a stronger affinity for PO4, it is more tightly adsorbed. Hence the 
difference in the level of acetic acid soluble P of the fresh and dried samples may 
be due to this chemical action. 

Wiklander (1950) in his studies on a pedalfer soil of Kungsangen, found a 
considerable increase in PO 4 retention by the soil as a result of drying, there being 
a decrease in the exchangeable PO 4 as shown ])elow : — 

Soil Surface Sub-soil 

Undried 234 278 > P retained by the soil. 

lOried 415 457 ) mg. PoOJ^OO gm. soil. 

Coming now to potassium as the third important plant nutrient, it is well- 
known that a part of the applied K is turned into a non-exchangeable form thus 
making it difficultly available to plants. Volk (1934), Page and Baver (1939) Attoe 
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and Truo<- (1945) have shown that this fixalion or nniivanabilily <,rK is innva.s.ul 
bfalternate drying and wetting ol' soils. SlanlVn.l and Iborre ( 1 )• (, l!l. /) have 
found illite to be effective in fixing K in the .must J H;,.'.’ J,’. , , 

svstem was Irish and that drying increased Iixation ol K h\ illtle a.. \v< li a,, mont 
morillonite. Attoe '(194G) in his laboratory sdidies on (he el erl ol ahcuate 
wetting and drying on the fixation a.rd .-elease ol K m (In- soils -uin. an me, -.arse 
Sfthe coLnt of^exchangeable K in nine on 1 of ten soils 1 lie aenaline, -ease 
varied from 4 to 90 % over the moist soil. In sods lerlili/ed w ilh K, bow. i 

he found fixation of K in every case and 1 1'.52 per cent, ol lln; ai>phed K was no, 
recovered by cation exchange. Yolh (1934) states that K eh an g.-s to non- 
exchangeable form in part under condrtions ol alterna.e wetting, ami Ining. 
This is characteristic of Nfontmorillomtie and dlitie clays but not ol kaolinilu 
clays. The change from exchangeable t.i n.in-i-xi'liangeahh- l.iriii is a<motn;|,ained 
bv a reduction in the total exchange capacity. ^ Acrordiiig (o (hluil 
the decrease in the recovery of K from ierliliinxl soils is dn(‘ to ils eiur\ nUo the 
crystal lattice to form a new mineral (hydrous mica), th(‘ K i>etii‘»: entrapped 
beiween two slmets. Regarding tlie <drecl o( dryin.i!; on <‘xcluuie;e (apnlilMia lu sods, 
Pao'e and Baver (1939) have uoied that in the eas(‘ ol hvdrogen satur.it<*d bmloiute, 
(beidellite), drying at 1()0«C reduced (he rephuamumt (.f hv(lr<)<*;eu by vanntrs 
cations, and more particularly by K. Malts. m (1999) nolica'd t h.it swi'lliny, o( 1\~ 
saturated montmorillonite was greatly reduced by piandoiis drying,. 


Steenkamp (1928) studied the enVel of (Rhydrat leu of soils u|Hm lludr colloi** 
dal constituents. He used 3 soils, and louud a, larg<‘ iucneisi* iu the ('xeliaiugeibh^ 
cations and the increase was ridated to I'hn (hyipaa^ of wiettluo'iuH; «d’ t In- soU 
also to its degree of saturation. On the oth(‘r IuuhI, doles tiiid Mm iboii ( IfldtbdlM 
demonstrated that after tlic soils a.rc dried, tluvy j'oniaiu a suiallei* ((iiaiit it \ o( 
exchangeable cations than the original moist soils. VVaksmaa and Starkrv \ 
and Lebedjantazeb noticed tha.t drying caused an iiuaaaise in tli(m.o|tdHli(y ol 
organic substances. 

In the report on the analysis of j^addy soils from a inanuri.d trial iu !ud,onrrsia, 
submitted to the 2nd meeting of the Working Ihirty on IdnUiHi/er ( Id < ). 195!^ 
paper No. 37), it is indicated tliat hirge ditf rmua's in tin' results wt're ul>iained 
with and without drying, parthmlarly witli, nygard to ('xtrasMabh' \\ anmnndated 
nitrogen, manganese and iron. 

The effect of drying on the avaihd)Uity ot'mh'ro nutricaUs in sinls has Inam 
investigated by various works. 

Parks and others (1944) showed that drying (auisial a. tdereasi^ in tin' rt'eovery 
of boron in the. soil. Olson 1^1947) found that drying of tin' soil aftiT boron wets 
added, increased the amount of boron fixed. Tins inen'ase wa,s r>;rc‘at(‘r in linu'd 
than in unlimed soils, bteenbjeiyg (as quoted by Lei'pi'r 195:)) obsi'rved, (hat if tin*, 
soil is allowed to dry before extraction, it liberates less ('op])('r. 

The content of exchangeable manganese in the soil clepmnls on tin' slate of 
hydration of the soil when extracted with an (deiUrolytm Maaiy workt'rs n'])or( 
that drying afiects the level of exchangeable manga, tu'se in tint soil/^ 

Using molar magnesium nitrate as the extraetlug agvnt and lra.ehinn; imii! 
the mole had passed through 100 gm. of soil, Bokim (1952) tiuds an iuer<'a.se from 
15 P. P. M. in fresh soil to 27 P. P. M. in the sann^ soil a.(U'r (i wi'i'ks and to 
35 P. P. M. after 6h months of drying (soil ])] I tea). KikiU) fshii ( 1 <)5 1 ) who 


* Steenbjeig (1933), Sherman and Harmer (1942), Fidiinoto and Slntnu.m ( Umnt/.f: ( 1914). 

Boken (1952), Zende (1951). 
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studied seven soils from the rice fields in Japan, noted that four out of seven soils 
sliowed a remarkable increase in the KC l-exlractable manganese after air-dr\ing. 
Zende (1954) studied the slow reduction of Mn oxides by the organic matter 
during the process of air-drying in ten different soils. From the results, he con- 
cludecl that the effect of air-drying on the extractable manganese is seen most 
strongly in soils with pFI less than about 6-3 and the effect is dependent on the 
amount of active manganese, the kind of organic matter and the nature of the 
oxide . 

Effect of drying on the degree of Aggregation. — Thorough drying of 
soils makes a claymore difficult to disperse as found by Steenkamp, Smolik (1927). 
The effects of drying on the structure (Downs and Leeper 1940), on the settling 
velocity of the colloidal material (.TMortensen and Duley 1931) and on the reversi- 
])ility of colloids (Beaumont) are all of the same nature. 

Effect of drying on soil pH. — The effect of drying on soil pH has been 
studied by many workers. H aly and Karrakar (1922) observed that air-dried 
soil show a slightly greater H-ion concernation than moist soils. Rost and Fieger 
(1923) studied the effect of drying and storage upon the H-ion concentration on 
soil samples. Five soil samples from liming experiments showed considerable 
differences as a result of drying, the moist soils showing 0-03 to 1T7 units of pH 
higher than the air-dried soils. They also studied the effect of drying on soil pFI 
in glacial and loessal soils and sub-soils. 

Baver (1927) studied the nature of various factors affecting the Fl-ion con- 
centration of soils. Fie observed a change in Fl-ion concentration of air- dried 
soils. 

In acid soils the differences lietwecn dried and moist soils were not significant, 
l.)Ut in alkaline soils, air-drying caused a considerable decrease in alkalinity. 

Achromeiko (Foe. cit.) in U. S. S. R. studied the effect of drying on soil pH. 
FTe found that sun-drying made tlie soil slightly more acid. R. Boken (1952) 
observed a slight decrease in pH values of soil samples when they* were stored 
(in air-dry state at 20'^ C). Burges (1922) studied the effect of drying on tlie 
H-ion concentration of soils. He found that air-drying in case of Miami silt loam 
had little or no effect on pFT values of acid soils, but drying alkaline soils rendered 
them somewhat less alkaline. 

Arrehenius (1922) and Bilnian (1927) found no change in pH value, obtained 
by indicator method in alkaline soil, air-dried at I00°G. Steenbjerg (1933) 
remoistened an air-dry soil and then dried it again. He found no effect on the 
soil pH. 

In the report of the first meeting of the Working Party on Feitilizers (F. A. O. 
1951), it is stated that in Japan, when dry soils become water logged, considerable 
chemical changes fake place. On water logging, the pH values increase and so 
does the exchange acidity. There are 3 principal reasons for the increase in pH 
values (a) reduction of ferric iron to ferrous iron, which is a stronger base, (/;) 
increase of ammonia, (c) reduction of sulphuric acid to hydrogen sulphide, a 
weaker acid. The increase of exchange acidity is accounted for merely by the 
increase of ferrous iron in the exchange complex. 

An increase in the Fl-ion concentration after dr)’ing has also been observed 
by Zende in his studies on Australian soils. (Un published). The exact cause 
lor such decrease in pH is so far not investigated. However, the observation of a 
few workers suggest the following possibility of decrease in soil pH after drying 
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irreversibility ol colloidal nicitci icil. i , 

Sgte vates tl... the air-dry »il. They e.e.rt.ler Ih.r a« a .1,1. ,-1 - 

(r,En.^ofs„™.ca.i».i„.heclayh^^ 

v'.TVe. .he ,he 

soil suspension. n , ,, . •ui,-o\ 

The effect of air-dkying of the son. imFoiii? i.T,,ooniN(;.— I'.. , 1 - Rti.sscI ( 1 . .) I 
referred to the beneficial elTects of soil drying on crop produrlion. 1 le and sub- 
sequent workers attributed this effect to a kind «1 partuil sterih/jUuu. when sods a, o 
trebed with volatile antiseptics such as toluene. 1 hn benelu ml < lb < s ''' ‘J') "'.b 

wet paddy soils on rice production l.ave been known ni japan lor a, Un.g tune. 
The effect of soil drying prior to Hooding on (be areninnlat nm ol amnjonuun 
Strogen after flooding is distinctly establisheil in the lolnnutory expernuenls. 
According to Shiugo ' Milsn (l!ff) 2 ) air-drying o s<|d prior to o,.(In.|.; not on Iv 
hicreased the available nitrogen, l.nt a, Iso the n.vadal. e 1 Insse eyprrnuents 

where carried at Agricultural IvKpcrinnnrlal Station, Nislugalmra, I oki o-j .rpau. 

The air-dryiiiR die sci .1 i>;iv(‘S (oaii inemisi' in det oniposabb* 

orsranic matter and this m turn resuhs in a. inon^ reduced s(»il enndiimn ah(‘r 
flooding: He further states that (lie ns(‘ in pi I <>l lh(' auMlri('t! muI as r<»nq)iucal 

to the non-dried soils under iloo(le<l condition, will oih‘ nioir irason in un irasniv 
the solubility of phosphoric acid as it possibly aiaa fuaUts; the hydinlvMs of tenons 
phosphate, replacing P2O5 comlhned with Hn'rous iron with hyilrowl ions. 

From the above review of work, ('arriial out by various iu vie.t i‘prtors, it is 
important to note that air-drying of soils brings about (suisitbuabh' (•lianf‘<-s in 
their physico-chemical and biologicail ])rop(‘rti<‘S. In vit'W ol then* < haiu'e**, ^ the 
normal practice of storing and drying tlu^ soils Ixddn* analysis, luo’ds to <*\anuned 
very critically. 

I j'n-’.R A'l'iiui*. tliTi'.n 


1. Achromeico — as c[iioted hv (loh*s and. Morrison i Ibhd, e 

2. Allison, F. E.— 1917 -Soli Sei. 9, 37— ti!>. 

3. Arrehenius, O. — 1922-— Soil be). 14, 22!b— 32. 

4. Ashutosh Sen— 1932— J. Agri, Sci. 22, 212- '.3!L 

5. Attoe, O. J. 1946 — Proc. Soil Sci. S')C. Am u\ lU 14,1 -'b 

6. Attoe, O. J. and Troug, E,-1945 do. Hh HI b. 

I, Dover, L. D. 1927 Soil Sci. 23, 399—414. 

8. Beaumont, A. B. — As quoted by (iustafson ( I9.22g 

9. Berger, K. G. — 1949 Ad van. Agron. 1,321. 

10. Biilrnan — 1927 — Trans. 2nd comm. lut. Sue. Soil S(’i. quoted, by ( ioh*s and 
Morrison, (1930, 32). 

II, Boken, E. — 1952 — Plant and soil 4, 154. 

12. Burges, P. S —1922— Science Si. (us.)— 6-17—8. 

13. Ghatterjec, B. — 1953— Sci. and Gull— 18, 2;b 

14. Coles, H. G. and Morrison, C. G. T. — 1930* ” Soil S('i,— Ibbop 7t). 

15. Ditto 1932 do, 33-115-124. 

16. Downes, R. G. and Leeper, G. W. ~"I94()^ — Proc. Roy. Soe, Vici. 52-1 ‘-IH) 


[ 78 j 



17. Engberding—as quoted by Waksman (1952), page 49. 

18. Fujimoto, C. K. and Sherman, G. D. — 1946 — Proc. Soil Sci. Soc. Amer, 

10, 107—12. 

19. F: A. O. — 1953 — Paper No. 37 — and F. A. O. 1951 — Report of the 1st 

meeting of the Working Party on Fertilizers. 

20. Gustafson, A. F.- 1922-Soil Sci. 13, 173—213. 

21. Hall, T. D. — as quoted by Gurtafson (1922). 

22. Healv, D. J. and Karrakar, P. E.— 1922— Soil Sci. 13, 323—8. 

23. tieintee, S. G.— 1946— J. Agri. Sci. 36, 227—238. 

24. Khalil, F. — as quoted by Boken (1952). 

25. Kikuo Ishii — 1951 — Sci. Bull — Fac. Agric. Kyusu 13 — 129. 

26. Lebedjantzed, A. N. — 1924 — Soil Sci. 18, 419 — 47. 

27. Leeper, G. W — 1952 — Annu. Reb. Plans Phvsiol. 3, 1. 

28. Mattson, S.— 1929— Sci. 28, 179—220. 

29. Mortensen, A. E. and Duley, F. F.— 1931 — Soil'Sci. 32, 195—8. 

30. Olson — 1947 — Thesis Univ. of Winconsin quoted by Berger (19491 

31. Page, J. A. and Baver, L D. — 1939 — Proc. Soil Sci. Soc. Amer. 4, 150-5 

32. Parks,* R. Q.— 1944-Soil Sci. 47, 405—16. 

33. Parks, R. Q. and others — 1944— Plant Physiol. 19, 405 —19. 

34. Perkins and King — 1931 — Soil Sci. 32, 409 — 16. 

Sg' RUto'""” 1' by Gustafson (1922). 

37. Rost, C. O, and Fieger, E. A. — 1923 — Soil Sci. 16, 121 — 6. 

38. Russel, E. J. — 1950 — Soil Conditions and Plant Growth, 8th Ed. 

39. Sherman, G. D. and Harmer, P. H. — 1942— Proc. Soil Sci, Soc. Amer. 7, 

398. 

40. Shingo Mitsu— 1952 — Lefture notes. F. A. O. Soil Fertility Training 

Classes Coimbtore, India, 1952. 

41. SmolikjL. — 1927 — 1st Int. Cong. Soil Sci. 38. 

42. Stanford, G. and Pierre — 1946 — Proc. Soil Sci. Soc. Amer — 11 — 155. 

43. Ditto 1947 do. 12—167. 

44. Steenbjerg, F. — 1933 — Tides Planteave. — 39 — 429. 

45. Steenkamp, J. L. — 1920 — Soil Sci. 25 — 163. 

46. Volk, N. J.— 1934— Soil Sci. 37, 267—87. 

47. Waksman, and S. A. — 1952 — Soil Microbiology. 

48. Ditto and Starkey — 1923 — Soil Sci. 16,247 — 68. 

49. Whitney and Gameren — 1903 — U. S. Dept. Ag. Bur. Soils — Bull. 22, 

1—71. 

50. Wiklander, L. — 1950 — Ann. Roy. Coll. Agric. Sweden. — 17, 407. 

5h Ditto and Hallgren, 1949 — do. 16, 811. 

52. Zende, G. K. 1954~J. Indian Soc. Soil Sci. — 2, 55. 
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Communicated by Dr, S, P, Mitra 

In soil moisture studies, the phenoirienou of Hysteresis in soil moisture* cha- 
racteristics is of significance botli theoretically and praclicjally. for tin* purposers 
of this discussion, moisture characteristics Iroin t\\u) dissimilar matcuials arc shown 
in Figs. 1 and 2. 

The experimental procedures involv(Ml Iniva^ hctm laa'cntly dcra rilKnl {(lollis- 
George lOv'id) and it will sullice Jicrc to stat(* that the non-swidliny Nvstciu of 
sintered glass was examined on a tcnsion“])lat(^ ap|>aratu,s, whilst the swidliuy clav 
results were obtained by tension plate, ])rcssure mtanbranc and vapmir prcsrain* 
techniques. The non-swelling constant strnotmaul material of My;. I, was made 
by sintering 15 gm. i — I mtn. diameter pyrex htsid.s in a mould ol'thc <iimcmaons 
of the tension plate cquipnient. I'he swelling imUnrial ol‘ Ivig, wa.s a clay 
separate less than one micron in ecfuivahuit settling diamct<*r, ol' a NaHMtmttnorlb 
Ionite from Belle Fourche, South Dakota. Tin; clay dispensed in disdllrfl water 
was concentrated by settling under gravity, and by slight ^alctiou, on the pump 
to form a gel of moisture content 1500 per C(‘ni. oven dry W(*ii»ht ,ind ofappioxi- 
mately zer suction since the gel stood in the piacsencc of (*xc(\s:: waici udthout 
expansion. 

The experimental procedures were such as to allow IxMh dt'sorpttcm and want- 
ing relationships to be obtained on both materials. 'I’lie datiim of moisture 
content was oven- drying at until constant weiglit was rcatcdnal. d‘hi.s heat 

treatment of the clay, which was powdered by getule ernshiug bfdbia* adsoiptiou 
experiments, might perhaps have altered the internal micellar sirticumc relative 
to that in the drying gel. This dry clay (les.s than 200 mash) f>y inspection 
obviously contained aggregates, which as they were wetted prtHluccd a, swolhm 
oolitic mass. Thus the wetting and drying days arc dilFercnt in this sinniural 
sense, at least, but” on complete relaxation of suctioii, the vvetlcnl gel uais only 
distinguishable from the initial gel by this macro-slriu:iurewlucJivv;isnic(:hani- 
cally unstable ; and hence it is presumed, in this discussion, that the dilfercnccs 
between the clay wetting and drying as caused l)y oven drying and (Tusliiim arc 
restricted to a macro-structural effect, whkdt coul(rb(mvxpiT((‘(l inilucncc the 
moisture characteristic by an increase of about 50 per (‘cnl. moisture (amfmit , 
only at the lower suction values as compared willi a total moisture conOmt of 
1500 per cent. 

The lemoval of moisture iiwi constant struegured ina(cria.l can onlv be bv 
pore emptying and am entry, where the radius of neck (>f the pin'e (amtrols the 
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suction necessary for the air liquid interface to penetrate the cell. In pore filling 
of a constant structured material, it has been suggested (Haines, 1930j that the 



Fig. Ij Moisture characterisUcs of a sintered disc composed of y — ^ rnm. 
pyrex beads, at 250 G. Solid lines are for air-water interface and broken 
lines for benzene water interface. The moisture retention energies for 
benzene-water interface have been adjusted to those for air-water by the 
ratio of the interfacial tensions. The sequence of operations to produce 
these results : 

(1) pore emptying from water saturated condition by curve 1 ; 

{ 2 } pore refilling and air entrapping by curve 2 ; 

(3) pore emptying and air entry by curve 5 ; 

curves 2 and 3 forming a reproducible cycle lor the air-water interface ; 

(4) refilling again by curve 2 ; 

(5) a layer of benzene now put on the wet disc and on water removal 
benzene enters the system by curve 4 ; 

(6) displacement of benzeni! by water with some entrapping by curve 5 : 

(7) removal of water and entry of benzene by curve 6 ; 

curves 5 and 6 forming a reproducible cycle for benzene- water interface. 
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radius of the pore IS dominant. l?or ideal soils, to winch tlic material in f, 
corresponds, the ratio of pore emptying prcssiirc/porc filling prc^sstirc is caJcnlal)lc 
and constant for all pores. If this hypothesis is corrtaa, the rcplatuninmi of the 
air water interface by another of dilferent intcrfacial tension shonlcl not all(‘r the 
ratio of emptying filling pressures, and only alter the a bsolute j)rcs.sun'.s hv tlu' 
ratio of the interfacial tensions, viz. 71*79 dyncs/cin for air water and |br 
benzene-water should alter the absolute pressures by the facuor a! 'dfV'C h 


In Fig. Ij the benzene-water pressures have been adjnsttul to allow for itU(ov 

facial tension so that the water-air and water-benzeno relationships ar<‘ diiaaniy 

comparable. A complication in such hysteresis expcriincnls that reptoitivelv 
reproducible closed cycles as curves 2-1-3, and 5 ^ (>, arc only obtaiinul alter a 
volume of air for 2-1-3, and air and benzene for 5 G, is entrapped in the porous 
system. It is interesting to note lliat the meclianisni oftmlry ol bcnzcnc-watrr 



Iklle i^ourdup in equilibrium witli wuler Hvnlm 

line IS for the system in tlie presence of hen/ene whii'h /lid n,,i 
penetrate tlie gel at pressures as high as 150 atiriosplHurs 
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is identical with air-water^, as comparing curves 3 and 4, when benzene is first 
introduced into the system. Subsequently all pore emptying sequences follow a 
different relationship. The wetting-up curves for the two interfaces are always 
distinct. Examination of the emptying/filling pressure ratio for each interface 
shows not only a lack of constancy throughout each pressure range but also between 
interface ; the ratio changing more rapidly with decreasing pressure for benzene- 
water than the air-water interface. Apparently therefore hysteresis is not com- 
pletely controlled by the ratio of the pore and pore-neck demensions, and the 
properties of the interface are of greater significance than merely its interfacial 
tension. 

Fig. 1, shows that the drainage mechanism of water and its replacement by 
air or benzene is unique so long as the sample has not been previously wetted 
with benzene. After benzene treatment, less work is required to fill or empty 
pores with the apparent effect of an increase of pore-radii in this constant struc- 
tured system. , A constant amount of water remains in the mass after benzene or 
air entry and hence all pores, necks and surfaces must have identical film thick- 
nesses of water and hence identical dimensions whether benzene or water is 
present. 

A possible variable in this constant pore system is that of variation of angle 
of contact, but if the results of Fig. 1, are to be so explained it becomes necessary 
to have four contact angles. This multiplicity of values of the angle of contact, 
although surprising, would not be exceptionable, on the basis of a multirnolecular 
adsorption theory of contact angle (Gassie, 1948). This would suggest, for the 
solid surfaces encountered in soils, that there are two types of sites in the case 
of the air-water interface, some sites being water wet and having zero angle of 
contact and others being air dry, having a finite angle of contact. The advanc- 
ing water front would therefore have some mean finite angle of contact, whilst 
the front retiring from a wetted surface would have zero (or a very small) angle 
of contact. This hypothesis, to be valid, requires the ratio of dry to wetted 
molecular sites to remain constant, for the advancing front to obtain the charac- 
teristically reproducible hystresis cycles, which are obtained regardless of the 
time taken in experimentation. In Gassie's experience with wool fibres, this 
requirement is always satisfied, but surprisingly, when compared with soil experi- 
ments, the draining characteristics for wool is not so reproducible. This explana- 
tion of hysteresis requires the surfaces of soil particles in general, and of glass 
beads in Fig. 1 in particular, to have adjacent molecular sites so markedly 
different in properties that in a water saturated atmosphere (just in front of the 
advancing water front) some sites remain dry and others wet, bearing in mind 
that these dry sites may have been wet very recently for the retiring front. 

An independent proof that adjacent sites on the oxygen-hydroxyl surfaces 
associated with soil minerals have different water absorbing energies, is required 
before the contribution of a surface structure — angle of contact theory lo hyster- 
esis can be completely substantiated. This theory, however, easily explains the 
difference between the benzene- water and air-water hysteresis cycles, and more 
particularly explains why the advancing benzene front into a water- saturated 
zone has a different pressure relationship to the benzene front advancing into a 
water-saturated zone which has a prc\dous benzene wetting history, on the liasis o(' 
different ratios of water wet, benzene wet and air dry sites. 

Fig. I shows for the air-walcr cycle, which is approximately parailel-sided, 
that the maximum difference in suction, which can be maintained at a constant 
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moisture content, hereafter called the hysteresis potential at a given inoisiure con- 
tent, varies between 9*5 and 1 1*5 K ' 0'^ crgs/gni over '^0 per c<nit. oft lie nioistnn! 
range while for benzene-water over the same range tfic potcmtial vari(rs froni !l-r) to 
12*6 X 10^ ergs/gm (corrected for intcrfacial tension), liv gra|)lu<Ml raJ ion 

the cycles of hysteresis have total energies ])(n' 100 gin. ol dry inaPer ol lO*^ 

ergs/gm (for 19-9 gm water) and 9*3x10’* crgs/gni. (for 17-7 fpn waUn) for air- 
water and benzene-water respectively. 

This numerical information, in the light of the ))revjons discussirni, would 
tend to suggest for rigid structures, that the geonuhry of die pon^ svstem is 
responsible for the majority of the hysteresis effect, and ilic contaaO angle tlu^ory, 
if valid, for about 6 per cent, of the phenomenon. 

The results in Fig. 2, for a swelling clay show that tluj hys(<'r(\sis pheiu)- 
menon is of quite a diflerent nature to that for the constant slructina'd inaicrial. 
In the first place, the values of hysteresis potential vary from 7x 1 0’^ ergs/gm at 
2 per cent, moisture content to 5 x 10'‘ ergs/gm at 1000 |a*r ecml. inoLstnn* eoiUsmt and 
the cycle of hysteresis has a total energy per 100 gm dry ela,v, of I ’!! :;< 10" ('pps jpn 
(for 1500 gm. water) for the air-water interfa.ee. Secondly the mci loudsm of water 
loss down to 36 per cent, water (at a suction of 1*8 x lO^^ <n‘i‘:s/g;in ) is by ixmiovaJ of 
water from between platelets and micelles by shrinkage and not by air* entry, (.scu: 
Collis-George, 1955, for a complete descrijition of a ])ro))osed debyration process). 
This is confirmed by use of bcnzcnc-water a.n(l air-wati'r systems, when it is found 
that at the highest experimentally obtainable prisssure in l la* prisssm c* numibrane 
equipment (150 atmos ; T5 x 1 9'"^ ergs/gm) mdtlier air or ben/.cme pemetration 
occurred, and up to this pressure the results for drying clay in the presence of air 
or benzene were identical, no interfacial correction being reqiurcai. In (Ins 
range of moisture contents, hysteresis cannot ]H>ssil:dy attributfol t«» a, |H>re 
dimension theory (Haines) and/or to a contact angle theory ((lassie) as there is 
no interface inside the clay mass. Moisture hysteresis in thVse (virenimUiuiees can 
only be attributed to a hysteresis in the interaction mechanism bet ween micelles. 
Until the nature of forces involved in clay gels is im>rc eompbgidv undm-siimd* 
5.^., the work of Schofield and Sampson, *1954, on Kaolin gels, it will not be. 
profitable to continue the discussion of this type of hysteresis. 


A recent general approach to hysteresis (Everett r/ aL 19.52, l9,'?b/. 19fHM 
is useful in explaining the shape and energies of hysteresis relationships,* and in 
particular the shapes of the partial scanning curves wllhin the main hVstere.sis 
envelope and their dependence on the previous history of the. sam|)le ; such that, 
in the case of soils, starting with a sample at a given moisturt^ eonient and snetioii 
it is not generally possible to predict tlie new moisture: content“pr<!s,snre I’ldat ion- 
ships on changing the pressure, unless the previous wetting history is known. In 
this authors opinion, the hysteresis phenomena in soil-water ndationsliips 
observed by numerous workers would self-evidently obey all the ihcairems nro- 
posedby Everett (1954a) and exhibit the phenomena required ofliis <nmeral 
hysteresis system. Unfortunately, however, as in any thermodvnamieal ' Uieorv 
It IS not possible to specify the mechanisms responsible for emisimr tin: piieno- 
menon which obeys the thermodynamical treatment, so it is not possible to 
specify what causes soil-water hysteresis to obey the rmniirements of I'sverettls 
independent domain model of hysteresis. An independent domain hero has the 
significance that at any particular pore, surface or neck of a riore it is possible for 
a group of of water molecules to exist in two or more stales separaPai from one 
another by discrete energy intervals. 
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The results described are confined to the outer envelopes of the hysteresis 
cycle, where the pevious history is precise and it is unnecessary to invoke much 
of the above treatment ; in Fig. 1, a typical scanning curve is included for com- 
pleteness. 

In conclusion, it would appear that at least one mechanism is required to 
cause hvsteresis moisture-energy relationships in a swelling clay and two oiher 
mechanisms in rigid porous systems, and therefore at least three mechanisms in 
ordinary soils, and that the independent domain model of hysteresis, whilst aiding 
in the description of events, does not help us to decide which mechanisms are 
responsible. The contact angle theory of hysteresis in rigid structures is con- 
sidered to produce about b per cent, of the phenomenon in comparison to the 
majority being caused by the geometry of the pores, on the experimental results 
discussed. 

The majority of the experimental work here reported was made possible 
by facilities made available by the Deptartment of Soils, University of California, 
Berkeley, to whom the author makes very gx'ateful acknowledgment. 

SUMMARY 

Two markedly different materials, a constant structure of sintered glass and 
a colloidal Na-montmoriilonite are compared from the aspects of their nysteresis 
moisture- energy relationships for wetting and drying. The evidence is in favour 
of, but requires independent substantiation of a variable angle of contact theory 
contributing about 6 per cent, to the hysteresis phenomenon for pores that empty and 
refill, the major part of the phenomenon being due to the geometry of the system. 
In non-emptying pores, which can expand or contract, the contact angle theory 
and the geometrical theory of Haines are inapplicable, and some further explana- 
tion, based on the interaction of colloidal particles is required. It is concluded 
that at least three mechanisms of hysteresis must be concerned in ordinary soils, 
and that whatever mechanisms are proposed must satisfy the independent domain 
model of hyteresis put forward by Everett. 
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L INTROUUCrnON 


There is much common ground covered by (he soil physicist and (be (m- 
gineer who is concerned vvith soil ])ropcrties. 'I’Ih': laKt'r itu’ltnlcN (be oil field 
technologist, who is concerned with the flow ofoil, gas and wa((a (o wells, jns( 
as the soil physicist is concerned with the flow of water (o drains; ainl the loninla'- 
tion engineer, \vho is concerned with the redaction olLsoil to s(a(ic loads, Jtna as 
the soil physicist deals with the response of soil to loads applical by moving 
tillage implements. In particular, it seems inevitalde tltaf an ap|>li('al ion of' .soil 
mechanical techniques must ultimately lead to an o]>j<aniv(' ass('ssinent of' sod 
texture which will be far more acceptable than th(^ eurreiK eni}>irical cortrlalioti 
between texture and mechanical composition, since soil nuadianitsd firopriiies 
are just those which enter into the cultivator’s snlyjeetive assessinenl ctf icxi urr. 
On the other hand it must be confessed that e,one(q)ls and dcdinitimis in soil 
mechanics sometimes take for granted some naivtdy oversimplified pliysical con- 
cepts, leading to puzzling inconsistencies. I len': the soil physiei.st cati perform 
a return service by indicating where further thought is needed ajid, ifpossibhg 
by making some contribution to the analysis ot the physi(*.al ])r()!dein, ft is (he 
purpose of this paper to draw attention to the difhctdties whieli arise when oit<^ 
attempts to discuss pore water pressure in clays which a, re subjtadt'd to a nirebani- 
cal load, basing one’s analysis on the assumption (hat tint jan-c' water mtuu 
support the whole load since the clay particles are not in e<m(am ui(h vacU 
other. This discussion is of importance h()(h in ldundati<)n <ni?rineerifji»‘ ;ind in 
agriculture, since the overburden load may be shown to Ix^ a i\\cu>r in dimaanin- 
ing the soil moisture profile (Groney and Coleman, 195:1), 


II. SOME ACCEPTED SOIL MOISTURE PHENOMI'INA AND DIU’ I NLLP >NS 

_ In agricultural discussions the soil is rarely consklcnul as a nirdiutu sub- 
jected to compressive loads, since questions of the support of conc.-ulratni loads 
do not often arise, and great depths at which soil ovcrliurden pressure b; a sub- 
stantial foctor do not often enter into problems. In sucli cire.umstanees ilu- mois- 
ture content of sod depends only upon the soil type and, for a dveu soil tvix- 
upon the suction experienced ],y the soil water, f lie soil water sueii.,,, is eont: 
raonly measured by means of a tensiometer, whiel, is, in'elfeei, a mamuneier 
which makes contact with the soil pore space u fine-apfuinnxl imrmr; mem- 

aTaVeSn^ Tvhat s'*’ earthenware, .adlophaiu. or svnthrlie 
sausage casing. What is in fact being mea.surcd is the suction whieli mt.si be 
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imposed on a body of water in contact with the soil in order to prevent imbibi- 
tion without succeeding in withdrawing water. When the ‘^^soiP’ is a coarse 
sand, one can infer without much doubt that the soil water suction is truly 
indicated by the manometer. The suction between clay particles, however, is 
less than that indicated by the tensiometer by an amount equal to an osmotic 
pressure term which depends upon the separation of the clay plates (see, lor 
example, Verwey and Overbeek, 1948). The tensiometer reading k, however, 
the only adequately specifiable state of the clay-soil water, and is commonly re- 
ferred to as the soil water suction. At positive values of hydrostatic pressure of 
the soil water, all soils are saturated, except insofar as air bubbles may be 
entrapped. When the soil water experiences suction, however, the soil tends to 
lose moisture. In sands, the loss of water may not be appreciable until the 
suction reaches values of the order of tens of cms. head of water ; when water is 
lost, it is replaced by air and the sand is no longer saturated. Clays lose water 
without the entry of air, until suctions become very high. Water loss is accom- 
panied by an equivalent reduction of total volume, i.e.^ by shrinkage, so that the 
clay remains saturated although at a lower moisture content. 

Engineers speak rather of pore water pressure ; a soil water suction is a 
negative value of pore water pressure. They are also concerned with soils under 
heavy loads, and in such circumstances the moisture content of a clay will depend 
upon the magnitude of the load as well as upon the pore w/ater pressure. If the 
term ^^pore water pressure” is reserved for the measured pressure under the 
load, then soil water suction has been defined as the negative pore water pressure 
required to maintain the same moisture content when the load is removed 
(Croney and Coleman^ 1953). We , shall use the syml^ol it for pore water pressure 
and s for soil water suction. 

To complete this section we need to outline the facts about the shear 
strength of soils. A shear box is essentially a horizontally divided box for holding 
a soil sample to be tested. A vertical pressure TV (the normal load) is applied to 
press the upper part of the sample down into the lower, and a horizontal force T 
per unit horizontal area is applied to the upper half in an attempt to slide it over 
the lower. The force / which just succeeds in doing this is the shear strength 
for the normal loads, N and a plot of T against N has some such form as 
the curve AB of Fig. (i). This curve is not usually a perfectly straight 
line, but for ordinary purposes it is commonly discussed as though it were, and is 
defined by the slope and the intercept c on the T axis ; ^ is called the angle 
of internal friction and c the cohesion. For completely dry sands, or saturated 
sands at zero soil water suction, c is commonly very small and is of the order 
of — 4U°; whilst for clays in field condition, r is commonly large and </> is small. 

If a column of soil is restrained by a lateral pressure R and loaded with a 
vertical pressure Z, the latter may be steadily increased until the column collapses. 
It is shown in the standard texts that the load L at destruction is related to the 
restraint R and the mechanical constants of the soil by the equation : 

R — L tan^ (77/4-c/)/2) - 2c tan (77/4-f/,/2) . (1) 

This is equivalent to the geometrical construction, known as Mohr’s circle, 
shown in Fig. (1). If a circle is constructed so that its diameter lies along the jSf 
axis, its circumference cutting this axis at the point N==R and just touching the 
soil line AB, then it will cut the N axis again at the point This construc- 

tion may also be used to obtain the line AB from the results of a series of tests 
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to destuixtion under compression, for each test ^v^l give a dlUVrcai pair of valuer; 
of restraint and load, such as R and L, and IL and /.|, and camh siirh pair enables 
us to draw a different circle. Since each circle is known to toiu'h tlir suil Un(% the 
latter may be drawn in as the envelope of the circles. 



Fig. I Mnhr’s circles, and the relationslun betwrrn the .shear Miejunh 
and norrnalload in s uls. ' ' 

III. THE EQUiVAlENCE OF son. W.VrUR sUfri'lDN \NI> tbXMFonvnv 
APPLIED EXTERXAI. PRESSURE 

The analysis of the collnpje of a soil column under load slum s (hat the 
function of the restraint R is to pn ss toficiher the soil on the two .suirs ofa ' td ttir 
along^hich failure is to take place, ilu ud.y neeessitatitiK a Krra ter .si, rat stress 
lor failure, and at the same tune to inlrocluce a eompourru of shear stress o, mus- 
ing that due to the des.ructivc load L. The pressure A' is usuallv api'lied 
hydraulically or pneumatically, and its purpose will elearlv mu he aehieved if the 
pressure is transmitted also to the pore space. Since the outer spare ami the imre 
space are ordinarily continuous, an artilicial b.arrier, .siieli as a tliiti rubber 
membrane, rnust be interposed if the restraint A is applied hyilratdu-illv to i 
saturated soil, or pneumatically to an air-saturated sand : Imt if A i's •irudied 
pneumatically to a water- saturated soil and is not of sullieient n a.ttiinuU* to f re 
a.r.„.o .he pore space , he air-wa.e, i.uerfaee will provi.le i.s “r" ' '"^Yr 

^ pressure plate apparaius (Rieirtrds 
IM'J), the internal pore pressure being maintained at tluit of the •itmosuhere liv 

drainage of the soil through the permeable floor. The m-<*ssnrc tllllbn... ■ /' ' 

clearly be applied b, .he%lter„Y,ive roeans of ,» Y i, Y ,e f Y 

to remain at the ordinary atmospheric value and applvine\ m tion A , “ 

water. This alternative procedure would secatrio tStfl n lie 
and mechanical equilibrium remaining unchanged and an exnerini<^ * r 
to demonstrate this gave results which are slmw’n in Vig (‘>7 A ei l unimlf 
was erected on the flat platform of a sintered glass^iltoMitnn '• /h ^ 
connected to a flexible U-tube and filled to the under side of i lu , i-oT ‘ i? 

water. Thus a measurable suction could be transmitted to the i 
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sand column. The sand was at all times saturated, this requirement limiting the 
suction to a maximum of about 10 cms. of water. The column was loaded, and 
the suction was then relaxed until the column collapsed, the experiment being 
repeated with different loads. Assuming that the suction was a measure of the 
lateral restraint, and that the sum of ttie suction and the applied load, together 
with the '^overburden’’, was a measure of the destructive load the Mohr’s 
circles and their envelope were drawn. The result shown is typical of triaxial 
compression tests of sand obtained in the usual way. A sand sample, represented 
by the point X, having an unknown suction would have a shear strength of 
appreciable magnitude C in the absence of an applied normal load, and C would 
represent the apparent cohesion of the sample. This effect is quite certainly a 
factor in the high values of cohesion observed in clays in field condition, but 
experimental evidence is quantitatively conflicting in the case- of clays ( Wells, 
1951 ; Willestts, 1^54), and further work is in hand in the Winters’s laboratory to 
elucidate matters. Nothing in this section implies equivalence between soil water 
suction and a load applied mechanically in a specified direction. 



Fig. 2 Mohr's circhs for sand, obtained by assuming the equivalence of 
pore water suction and externally applied pressure. 

IV.— THE RELATIONSHIP BETWEEN VERTICAL LOAD AND PORE WATER 

PRESSURE IN SAND 

The concept of the support of an applied load either by the soil particles or 
by the pore water may be illustrated by referring to sand, in which case no diffi- 
culties arise. Let us suppose that we have sand in a cylindrical vessel with a 
well fitting piston closing the upper end, the floor being either permeable to 
water or impermeable, at choice. The load is applied by means of the piston. 
We may distinguish several cases. 

Case 1. '^he floor of the vessel is impermeable, the sand is saturated, and the 
suction very slightly negative. 

The negative sign of the suction implies that there is a slight head of water 
standing above the surface of the sand. The piston clearly rests on the water and 



is thereby kept off the ,aod. The h.a.I/. i*. Iderolbre the 

IZ, aotl the pore water pressarty ». ie tlterrlorr tto™, by 

, t > \ 


u 


The pressure is transmiUed through, tlu. vv.Urr to all w,. 1 -I hr v ,• -I , ually, and 
to th^pore space, so that no load is earne.l hy Ihr san.t .ind, in p.ua.rular, pro- 
?uSs no additit^nal tendency of tl.c sand, consu crcl as a rolunm. lo rullapsc. 
The Lll therefore imposes, and experiences, no ad<huona! rcsira.n. i-ressure A\ 
and performs no additional support fmietion._ In ihis ca.se, .am t, tin ,au, lion is 
effectively zero, we have the rather trivial equation 

L-u^s^o 

or (3) 


It is this expression which we shall find to he freely used for clays wlicn (he suction 
is not zero. 

Case 2. The floor is impermcahh, and tho sand just less than salnratnl : th,- suction 
is very slightly positive. 

Cases. The floor is permeable and permits pore water to drain at .tm hrdrostatk 
pressure. 

These two cases may 1)(^ taken |(>,ij;vtl\(n' sini'o, lor dilicn’ml re.t’ion'*, thr jHire 
water pressure, ?./, is zero. In ease 2 llu^ wattn* surlaec' is witlnlr.uvn \ <n \ sli|,^htly 
below the sand surface and therefore cannot support i In' pisOm io.nl, which is 
taken entirely by the sand particles, whilst in <'as(' !» i( the ])i;;(on should act on 
the water, any atte npt at compression caus<\s tluMirainai'c <>1 water ihroin^h llie 
permeable floor, the pressure bcinit rnainta/nuul at, z<a'o niafpui inlm 

Hence s-O 

Ur-:() 


The load is taken by the sand, and equation (3) has no validitv. If I, is 
insufficient to cause collapse of the sand in the absiau'i* o{‘ the Miptno tiny vesjad, 
no pressure is transferred to the walls. It l\ is larv^i^ imoiqid^ to cause tlu’ tadlaiwc 
of unsupported sand, then the wall pn‘ssure is <>;iv(m by R of cipiation ( t ) This 
difference of pressure on different snrfatavs in no way conllicis wiili ilu' known 
isotropy and uniformity of fluid pressure in the pore spacca for this Iluid ptessure 
is quite irrelevant to the wall and piston press ur(‘s. 

Case 4. The sand is saturated, but experiences the finite suction .v, !nif used. . for exunifle^ 
via the permeable floor. 

By hypothesis, .s is not sufficiently great lo caus<^ ih(‘ imtry ol'air into the pore 
space. This case is a development of case 3, and sinet' the port' wator pit'ssnrt* is 
quite unaffected by the load L, we have 


u “ ■ ■■■ s 

Again equation 3 has no validity. Since .v is e<(uivaaent to an iniposcd ex- 
ternal uniform pressure .y in its effect on the .strength of t lit' santl, as out linetl in 
section irr, and is also additional to the api>lied veriitxil load A, collapse of un- 
supported sand would occur when, by an appropriate modificaiion of etpiaiimi 1, 

/? = .y = (L + s) tan- (7r/4-</>/2) — 2c tan (7r/4-</)/2) (1; 
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It L does not exceed this value, the wall pressure is zero. If L does exceed this 
value, then the walls must contribute a component P to the restraining pressure, 
such that 

R = P + s — (L + s) tan^ ('7r/4-c/>/2)—2r tan (7r/4-^/2) (5). 

The wall pressure is thus always less than I, the difference being greater the 
greater the suction. 

V THE PRESSURE ON PLANES IN A SEMI-INFINITE SOIL 

We shall consider a soil with a surface extending to infinity in all directions, 
and bearing a uniformly spread surface load, as for example in the case of large 
pavement and road surfaces. We shall consider the pressures on vertical and 
horizontal planes in this soil. The vertical load L on a given horizontal plane 
tends to cause collapse, and the soil on- opposite sides of the vertical plane exerts 
mutual restraint R. It may well occur that the state of the soil is such that R is 
zero, as, for example, when the soil is seen to be deeply cracked. In this case 
the load L is clearly insufficient to cause collapse, since the cracks define unsupport- 
ed ^'cliffs’’ of soil. In such a case R is zero. Another case corresponds to a 
load L which would cause collapse if the mutual restraint R were reduced (as, 
for example, by a slight horizontal shrinkage). The pressure on the vertical 
plane would then be given by P of equation (5), or R of equation (1 ) if the suction 
is zero (which would be rather rare in clay soils). If, on the other hand, the 
force R were not so much a restraint as a force of horizontal compression sufficient 
to lift the loaded surface, as, for example, if horizontal swelling after wetting 
could only be accommodated by a plastic distortion of this kind, then the roles 
ot R and L would be reversed; R would be the load tending to produce soil col- 
lapse and L would be the restraint. In this case R would be much in excess of L. 
This latter case is not very likely in sands, which do not shrink and swell, but 
might occur in clays. Briefly, we may say that, because soils are not fluid, but 
can sustain a shear stress, pressure in soils is not isotropic, but may be different on 
planes in different directions. 

VI. THE RELATIONSHIP BETWEEN VERTICAL LOAD AND PORE WATER 

PRESSURE IN CLAY 

Clay differs from sand in that the particles are not in contact with each 
other until the soil water suction becomes very great. An increase of suction over 
the lower ranges causes a closer approach of the particles and a loss of water 
equivalent to the consequent reduction of volume. The case seems to be analo- 
gous to case 1 (for sand) in section IV, in that particles which are not in solid 
contact cannot support a surface load without reference to the intervening water. 
By analogy with case 1, the pore water is said to support the whole of the load 
I/, the pore water pressure rising by an amount equal to L, Since, however, the 
suction of the pore water before the load is applied is not zero but the load 
does not increase the pore water pressure from zero to L, but reduces the suction 
from ^ to — L, Hence 

u = • [s - L) 

or u L s (3) 

This is equation (3) generalised for finite suctions. There is, in this derivation, 
no discussion as to how the saturated clay is able to support a large suction; it is 
sufficient to say here that a plausible case may be made out on physical grounds 
for the validity of (3) when the load L is applied to a clay consisting of parallel 
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plane plates of infinite extent. The main ol)je(l,i{)n to the valkllly of (3), which is 
widely applied to in soil mechanics, is that it leads to a paradox. It wotild be 
difficult to refute ML were a fluid pressure load on all surfaces (s<*e ;;crt!oti llf)^ 
but equation (3) is applied when I is the din'ctcd pr(*ssur<' at ross spccilicd |)laucs 
in the soil, usually horizontal planes supportiiif^ an owaiuirdm. Siner it is 
clear that in any given soil the load L on a hoi i/.onlal plain* can <njlv fortuitously 
equal a load P on a vertical plane, and that catch is art capiatly rral load which may 
claim to be supported solely by the pore water, tliis rathrr uaivt* loyic loads 
equally to two different relationships, namely that implird fty ecpiatiou (:») and 
that given by 

(d) 

Clearly (3) and (6) cannot both be true simultaneously. 

The simple fact is that, whilst we know something ol’ the ])hysical cIHm[li^t^y 
pertinent to the equilibrium of clay particles suspended in sohitions, and whilst 
we know something of the mechanical equilibrium of clay considcKul a niatcn ial 
which possesses measurable shear strength, we have! as yet no satisfacnory link 
between these two fields of study. Further work is in progress in the* writerfs 
laboratory with the object of elucidating some of these matfeus. 
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SUMMARY 

The development of the diffusion concept as applied to soil moisture move- 
ment is briefly reviewed. It is shown that the general differential equation des- 
cribing isothermal liquid phase movement in a porous medium can be modified 
to include movement in the vapour and adsorbed phases as well, without compli- 
cating the mathematical form. A concentration-dependent diffusivity is derived 
which refers to movement in all three phases. 

The significance and limitations of this equation in the study of hydrolof^ac 
phenomena are discussed. 

A derivation of the surface difliisiviiy of the absorbed pliasc for a highly 
idealized model is given in an appendix. 

I INTRODUCTION 

‘^‘Either people were doubtful about the existence of such principles, or were 
doubtful about any success in finding them, or took no interest in thinking about 
them, or were oblivious to their practical importance when found” (Whitehead, 
1926). 

It is said to reflect that Alfred North Whitehead’s description of the media- 
eval attitude to the generalities of physical science might almost be from the mid- 
20th century chapter of some future history of the development of the principles 
of soil water movement. 

The present communication is written in the belief that the principles do 
exist, can be found by wise experiment and intelligent theory, are interesting to 
think about and of the greatest practical importance. It deals with the con- 
cept of diffusion as applied to soil moisture movement, indicating certain ex- 
tensions of the concept as it is now usually understood and discussing certain of 
its limitations. 


II HISTORIG.\L 

Two major steps in the development of a conceptual basis for the study of 
soil water movement were provided by Buckingham (1907), when he proposed 

* Present address ; School of Agriculture, University of Cambridge, England, 
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the concepts of ‘^capillary potcnliar’ and '‘V.a.|)Ulary coiulur.t ivi( v . I hr sncu'caal* 
ing half-century has seen firstly the ncghxU, and then tlH‘ ipathial rr-ilir.rovrry and 
exploration of the implications of Buckinglianrs work. 

The ‘‘potential’’ concept gave infortnadon on ilu" dirrr(ion in uducdi soil 
water movement might be expected and the “iunidurtivity” <*K]>rrs,scMl the i^roixjr- 
tionality between the potential gradient and the: flow vrloritv. lM)r a Iona; Jitne, 
however, the mathematical difficulties assocfuUed wilh the tiau.sifnif ^xHuliiions 
most interesting to soil scientists and hydrologists s<a‘nu*d so great tint the (|nanti- 
tative application of these concepts was liniited to ratlua* trivial stenady state 
conditions. 

The concept of diffusion was implicit in Ihickinghaniks work and in that of 
Gardner and Widstoe (1921), but was first explicitly proposed hv (lliilds f I9dli, a, 
1938 ; and Nicholson and Childs, 193(i) . Childs recognized tln‘ |>ossihiHty of 
the diffusivity varying with moisture content, but the rather linuK'd expciainental 
evidence available led him to explore the (matluanatirally) siniplrr as;>ninption of 
constant diffusivity. 

This limited concept of dilfusiou was refuttal in a paper }»v Kiikliaiu and 
Feng (1949), which clearly showed that djfihsion witlt ('onstant difluiavitv was 
not an acceptable model, a conelnsion alrtauly reatduMl f)v Childs andtollis- 
George (1948). It is important to emphasize that Kirkham and 1‘rnyC comdu- 
sions were reached about a model with constant since inan\' oph'* Inave 

quite mistakenly accepted this work as <’:vid(‘nce that a dilhrmni nuxhd (d soil 
water movement is inadmissible. Kirkham ami k’eng did, in fact , state : “d’he 
differential equation of dilhision theory is not V'alKph hnt one inn?a pje'annr they 
were aware that they vvere using “diHusion’’ in its most limited (ami epute neeth 
lessly restrictive) sense. 

was lirst derivr<l hv ( Ihilds ami 
implit'd t In* iri (an‘r of a pdmeral 
tu’ mov<*im*nt iti tin' liqtdd pinna* 
h'* of' I In* dilTnsion tvfa* wCa, para- 
iti:d was a single valnc'd fnnriion 
Xjuntion to Ik* (*x|>licitly deduced 


The concentration-dependent dilfusivity 
Collis-George (1948, 1950). This development 
partial differential equation describing wat 
in a porous medium which would pn)ve tc 
bolic second order) when the pressure: poi<‘i 
of the moisture content. It remained for this ^ 
and stated by Klute (1951 a, b). 


Iir MOVEMENT IN THE IJQJHI) IMIASl-: 

Equation (1) is Klute’s equation recast with (), the moisture eoulea! exure.ssed 
in volumetric terms and the liquid density assuiiK-d (Uinstant : 


at 


= V. (K V 4') 


( 7 ) 


water, i? is convenient „ ak ™ of v^ er a, 1„ noir'T 'f''"- I'”' “'"i' 

any oth*r liquid ^by a”dlan*:^e of utdts'and'ii ‘"f'" ‘o' nio.lc ii[.iini].riu(c lo 

surface tension of the liquid and the m. P /"'u'"*’'?* arid 

contact (Philip, 1954 a). * ' fit •soild-litiuid-qiis line of 
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When the total potential comprised purely gravitational and negative 
pressure (or capillary) components, as we shall assxime throughout this paper, 
equation (/) may be rewritten 


6^ 


= V- {K V 4-) 4- 


dK 


{2) 


Where is the pressure potential and Z is the vertical ordinate, positive 
upward. 


When 4-^ and K are single- valued functions of ^ (2) becomes 


Where 


dt 


V. {D V 0) + 


ar 

3^ 



IV POLYPHASE MOVEMENT 


(5) 

(4) 


Let that portion of the moisture content of the porous medium held in the 
liquid phase l3e denoted 0 iq, that portion in the vapour phase Ovap, and that 
portion held as absorbed films 6ads- 


We now consider transport in the three phases. Let 4ads 

represent the flux in cm^ per cm^ per sec in the respective phases. TThen, front 

Darcy’s Law 

- - A" V <1 (5) 

or alternatively 

qiiq = _ Dii^ y e ~ Ki (6) 

Where Dtiq = K di>/d^ (and is eciuivalent to D employed in the previous 
section) and i is a unit vector in the upward vertical direction. 

Now the equation for water-vapour diffusion in a non-turbulent free 

atmosphere. 

c}vap — Datm VP (/) 

where p is the density of water vapour and Daim the diffusivity of water 
vapour in air) must be modified by a tortuosity factor a and allrwance made 

for the variability with 0 of the cross-section available for diffusion. The 

result is (S) : 

^vap = — ^ [P — 0] I^atm '/ p (S) 

where p is the porosity of the medium. The error in {8) incurred 

in writing {p — O) for the fractional cross-sectional area available for diffusion 
rather than the more correct {p4- Ovap^B) is of the order of 1 in 10® in the 
humidity and temperature range which concerns us here. 


Penman (1940 a, b) suggests a = 0.66. Later work by van Bavel (1952) leads 
to a =0.58. Flegg ( 1950) confirms that a is of this order of magnitude and is 
sensibly independent of {p — O) in the range which is relevant to soil water studies. 
None of these workers used water vapour as the diffusing substance, ^ome limited 
and incomplete experiments of the author’s suggest that {8) holds also for water 
vapour, at least under isothermal conditions. 

Thermodynamic considerations {vide^ for example. Edlefsen and Anderson, 
1913} give the relationship 
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P^Poei'Sl^T 

^v•here f>u is the saturated vapour density, lh<^ aia'eleruUon 

gas constant per gram of water vapuur and / ili<- al.s^liiir 

Therefore dP^P^g i'gliyl' <>/' 

'W pO 


{<)) 

<liU’ to ,v>,ra\ it \% R ilm 
triopt'raitu o. 

W) 


use of this equation in [8) gives 


Pot? / n\ l-\ 

gvap 

ill) 

or qvap— DmpS] 0 

(l:i) 


(HI) 


Thus when f is a known function of (? and 7' is fixed. Drap nuiv Ix' dep-r- 
mined as a function of 0 • 

Babbitt (1950) has investigated thcoretu’ally the Kautaia' diilnsivitv of 
adsorbed films, He deduced that the ditfusivity was eoiu'entiat ion de|>endrnb 
From a very different standpoint the author Inis (’xainiiHal ihr ra.sr of surface 
diffusion in the ideal two-dirnensiona,! gas (de P»oer 19a!i) mlnuttrtliy a luyjity 
idealized model of adsorption which can only be of vc'ry linuied ap]>UealnUty tt» 
soil water systems, ff’hc result, givam in Appinidix. b ir. oin'c nunx' a ::in'Iae(! 
diffusivity which is eonccntraiion-dcvpendent . 


The precise form of this (l<q){aid(nie(^ is nniinporlant ibr nnr |>r<‘.';ont piupose. 

It suffices that movement in (he adsorlxal phasr <Mn Ix' (b^'anibed bv an equation 

of the form 

(j<uls‘^- ihuls \ 0 (//) 

Then, summing equations (6‘), (/.?) and (//b W(' liavt* 

f/= D'\ 0 h i ii5) 

where D = D//Vy + Drap -j • .Dmls f / ) 


i. e. 


Applying the requirements of coTitinuity to (*quation (/.b) wo fdaoin 
= (/)V/) I /.-/) 

dO ^ /rAr— \ , b/t 


(77) 


It will be noted that equation (/7) is identical udth etjuaiion (V-. ‘flir side 
difference is that our new /), also a function of i9, is such that vapour and adsorbed 
phase movements are taken into account as w(dl as li(inid phase mnvivment;*:, 'Ilms 
the new equation enables the treatment of jjolyphase: inovrmeni without adding 
to the mathematical complication. 

It is of interest to consider the general sluqx^ of the dilfnsivily funetion- 
Fig. 1 shows the and /f— ;curvcs for a soil, based on the tlata of .Moore 
(1939) for Yolo light clay but extrapolated to lower inoistnn^ eommit*; on (hr liasis 
of other data and the method of permeability (x>nq)nlat ion dur lu Childs and 
Gollis-George (1950). Fig. 2 shows the and l)^ (taken as 

Aq/)J) curves for the soil characterized by Fig. b /> is uegleiaetl hoi ause no 
reliable estimate can be made j it seems probable that /b will not \'ary greatly 
from D except for very dry soils of high specific surface. I’or c'ontput'ing 


i: I 



the temperature was taken as 20°C, a as 0.6 and p as 0. 495^ the value deter- 
mined by Moore (1939). 

It will be observed that falls to a minimum as 6 diminishes and then rises 
to a secondary peak. The exact values of 0 and D at this minimum are uncertain 
since experimental values of /fin this region are not available. However, it is 
clear that K falls to zero at some finite moisture content, 6i|c, at which continuity 
of the liquid phase ceases and that this almost certainly occurs at moisture 
contents greater than that corresponding to the maximum of the Dvab curve- 
Thus will attain its minimum value when 0 is somewhat greater than 

Staple and Lehane (1954) have observed a D — 19 relationship of this shape. 
The data of Buckingham (1907) is also consistent with this shape of curve. The 
shape of the Dvip curve may account for the frequent observation (Gurr et al, 
1952, which includes further references) that there is a distinct optimum for vapour 
transfer occurring at low moisture contents, the rate of transfer falling to zero as 
0 either decreases to zero or increases to saturation. 


V. APPLICATION TO HYDROLOGIC PHENOMENA 

If equation (17) is valid, then the many problems of interest to the soil 
physicist and hydrologist (such as infiltration, drainage, evaporation from soils, 
wilting point) are described by solutions of the equation for the appropriate 
initial and boundary conditions. 

Because the D and /f functions cannot be represented adequately by analytic 
functions, formal mathematical methods are impossible and numerical and mecha- 
nical methods must be used to solve problems. In fact even if D and K could be re- 
presented algebraically, the complexity of (i7) would still be such that numerical 
methods would almost certainly still be needed for all but the simplest conditions. 

Numerical methods are being developed to enable the exploration of this 
line of approach and some interesting results have already been obtained which 
liave shed light on the physics of infiltration and evaporation from soils (Philip, 
19546 3 provides a preliminary report. It is hoped to report this work more fully 
elsewhere). 

VL SOME LIMITATIONS 


The approach described in this communication may not be valid when there 
is not a unique functional relation between $ and p. A few cases of real or appa- 
rent difficulty are discussed below : 


[a) For the range of values of p, zero to where pe is the '^air entry value’’ 
of the medium, the requirement that f is a unique function of is not met. 
However, since 9 remains uniquely determined for each value of it is possible 
to rewrite ec[uation (2): 


where 




( 18 ) 


In this form the equation represents the diffusion of potential, not of liquid. For 
polyphase movement K in the first term of the right hand side of {18) must be 
replaced by [K '\-F{Diiq F)vap)] 
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(b) If overburden pressure, P, inllucnccs porosity aiul total |)ot(aitiaK so 

that 

iJ9) 

the relation is not unique. This liinitaliou will br ninsi impui tant in deep 
soils of high colloid content when () is (airly higii. 

(c) Before a soil pore can be lillcd (luring W(Utiny, up, it is inaaassary that 
the original air in the pore have a Ircc'. passage to the at inospluua'. How<wa*i\ it 
the pore is larger than all the surrounding ])ores, tlnn* \vi!l (ill witli walf'r (ir.si, 
air will be entrapped in the pore we arc considering and tlu^ ptne will remain 
unfilled. Obviously the chance that the air in any pon^ wall lx- nnal)h‘ to escatpe 
will increase with /, the distance the pore is Irorn the sui' hu'C' <d the .soil mass, so 
we mav then write 

0^0 m m 

and the relation is not uni(juc. d'licrc is some evichnua* from tin' data ol’ 
Bodman and Colman (1944) that for / grcaiUn' than 2 to M cm this (dUni Is un- 
important even in the most aggravated case whicli ^v<inld oecur wlum tluaa* is frea^ 
water at the surface. 


(d) Contrary to what one n)ight (avped, tin* iiyst(aa\si:. pluannucnon lirst 
reported by Haines (1930) inlrodmaas no dillitailt)' {)rovid('d tin* part ol'thehvs- 
teresis loop used as the curve is api>ropriat(* to (In* pln*nom('tu>n. 


A difficulty does arise, however, in iht; drainage; (d'soil (adumns, wlnm at any 
point in the soil 0 may initially inciaaise witli tiim* and tinm linallv dca irmaa; witli 
time. One might have thought that by adopting ^^vettiug'' and ^alrving ' ^biru- 
sivities, to be applied according to the sign of (V//,;/, tin* ditlumltv wotdd In* (over- 
come. I am indebted to Dr, lb G. Childs for jxointing (un in dif;cm;Mion the inade- 
quacy of such an approach. If one rdlccts that points on cither side oi' the ptnnl 

at which will be on diOerent pai ts of tin* livst(*resl:i loop and * ^ at 

the point ceases to be a unic|uc lunclion o( o tin* piu‘nonn’non (I'tUes to In* 

one of diffusion, since any ^'diffusivity” one might derive! lnaa)nn*s a (‘mim'ion not 
only of e but also of the manner in which (} is varying with v and L 


(e) K may vary with electrolyte couce-ntrmion in 
so that the conditions are not satisfied wlnm gi'udicnts 
exist in soils of this type. 


soils o( liigh ('olloid ( <>nt(*ut, 
of eh'cfrolytr (sme(*n trat ion 


In addition, it is emphasized that the treatment in this (mmmnnieation deals 
with isothermal conditions in homogeneous soils. 


Despite this formidable array of limitations, tlu: coueci.i.s oulliii.nl in this 
paper offer a theoretical framework capable of apjffication to a wide rain'c of soil 
moisture phenomena, Exploration of the implications of this approac h ";,-c’n.s 

sofr;i;,S “.aMroYo, 

V ll . A 0 K N C) \ V L j ; I )( i M I’A ’ 1 ' 

Qi f lixiversiiv of ( lanibrich-r 

TnJ°° tJfiHtrosity of the Com.nonwealih Kcirnlilic an.i 

Industna Research Orgamxatiou which make If.s present visit possihic I' • " 
gmal work reported in tins paper was carried out in the main al (!,e (Ts I R 11 
Regional I astoral Laboratory, Dcniliqiiin, N. S. VV., Ausiralia. 
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APPENDIX I 


DERIVATION OF SURFACE DIFFUSIVITY IN THE IDEAL 
TWO-DIMENSIONAL GAS 

For an ideal two-diTnensional gas (de Boer, 1953) with negligibly small 
energy of activation for surface migration, the chance of a molecule colliding 
with another whilst moving through the space interval a- to (a+S-^) is 

2 Na SA 

where N is the number of molecules per unit area and a is the molecular 
diameter. 


dN 

If Y = n and N = Ko at a: = 0 and o) is the chance that a molecule will 
dx 

not collide with another before it has travelled a free path v , 

2 (10) (.Vo -f- n x) r 
do) 


i.e. 


dx 


Integration gives 


2 ao) (,.Vo -r 


2 a jVo X (1 + —j - ^- x) 


The mean free patli of molecules moving in the positive direction will 
therefore be 


(0 dx 




dx 


o 

CO 


f. ^ + )r/,v 


i.e. 


Evaluating the definite integral, we obtain 

()[{ony 


1 2\an 4\{and 

2+ OtVo 


>+ 


+. 


2aN^\ 2\i2(iNoy^~"' 3\{2aNoy 

which can be reduced to 

2aJVo\ T\ \4aN^ 2\ \ ) '31 [4aMo\ 

Since No^ wdll generally be large in comparison to nja we may neglect terms 

n of higher order than the frst, giving \ 

' 2 a N^\ 2 a W- ) 



Now if y is the value of n iu (he diic<'lioii of iiiiisiiuinn pniiiivr .■.uiecn- 
(ration gradient, « = iwm y , where y is (he ane:l<- (h<' diirrliuii a tn.ikc.s with 
this direction. 

Thus the mean free path of a nioleeule: crossing tlie line .V : = Mo is 
2 a 


1 -■« y cos y 
a 


and is obviously a function of its direction of travel. But the direetioti of niove- 
ment of the molecules is random, .so that any vtilue o! y iroin 0 ti» '.’v is as 
likelv as any other. Thus the veeiorially averaged mean free path e(iuals 

2Tr ■ , . / 2~ 


2aMo 


J 


y cos y 


cos y (I y 


dy 


Which reduces to 


// 

in the direction of the greatest ncijiatu'c eoiiefuUraiion , i.c., in tlie 

direction y = tt, 

Now if the mean velocity of (he niohaailes is r cm, wt \ tin* vet'luiially 
averaged velocity will be 

/ 






yc 


IS 


Therefore the nett flux density normal to the line N Nn 


4aN^ 


molecules Arr-’ 


sivitv 


The ratio of the llux to llic concentration grairumt v i‘; the' '.utfaCf' dillh- 


C 

4a 


sec^ 


or 


vac „ , 

t;; 

g 


where g is the density of adsorption in statistical monolavens. 
Therefore 

g^ds /3 TT ^ c 

Iffp" e 


here A is the surface area of the medium in cnrlcnc’^ and /? is a ‘‘hfU'tttosit v 
A 7t a c (] g 


factor”. 

Whence 




16' 


W 


\/ 0 


I 1 "“ I 



Comparing this equation with equation {14), we observe that for this model 
of surface dilTusion, 


Dads 


A fi rt a c 


Le 

00 


g is a function of 0 , so that Dads is also a function of Q. 
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